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INTRODUCTION
It has been recognized Tor over sixty years that 
non-protein nitrogen may be used to replace a portion of 
the protein in the ration of ruminant animals. The mechan­
ism by which this is accomplished is through the micro­
organisms normally found in the adult ruminant, which con­
vert simple nitrogenous compounds into bacterial protein. 
Some of these bacteria are subsequently digested by pro­
tozoa in the rumen, whereas others are digested as they 
pass into the lower digestive tract. The digested bacter­
ial protein thus obtained together with the food protein 
that is digested in the lower digestive tract constitutes 
the host's amino acid supply.
The extent to which a non-protein nitrogen substance 
can effectively replace dietary protein has been a matter 
of considerable controversy ever since the initial observa­
tions by Zuntz (213) and Hagemann (83) in 1891. The avail­
able evidence at the present time indicates that the ef­
fectiveness of a simple nitrogenous substance in replacing 
dietary protein is limited by the capacity of the rumen 
microorganisms to synthesize bacterial protein rather than 
by the biological value of the bacterial protein formed. 
Therefore, studies on the nutritional requirements of rumen 
bacteria (factors affecting protein synthesis) are essential 
in understanding the utilization of non-protein nitrogen by 
rumen microorganisms.
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Studies on the isolation and identification of 
certain factors found in rumen juice stimulatory to 
non-protein nitrogen utilization in vitro, together with 
an evaluation of ammoniated molasses, wheat hydrolysate 
and biuret as non-protein nitrogen sources for rumen 
microorganisms, are presented in this paper.
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LITERATURE REVIEW 
Development of the Coneept of Non-Protein Nitrogen Utiliza­
tion by Rumen Microorgani sms 
In 1911 > Armsby (9) stated: "It Is well known that
the nitrogenous constituents of feeding stuffs comprise, 
besides the true proteins, numerous other compounds of the 
most varied nature, Including alkaloids, nitrogenous glu- 
cosides, amino acids and amids, phosphatids, nitrates, am­
monium salts, etc., so that in the aggregate a not incon­
siderable proportion of the nitrogen supply of herbivorous 
animals is derived from these substances. All of these 
diverse nitrogen compounds have been for convenience grouped 
under the name non-protein."
Zuntz (213) and. Hagemann (83) appear to have been the 
first to advance the idea that a marked difference exists 
between ruminants and non-ruminants in the ability of non­
protein nitrogen to replace the protein of the food, and 
that the marked difference might be due to the difference 
in their digestive processes. Zuntz (213) suggested that 
soluble non-protein nitrogen introduced into the digestive 
tract of herbivora could be used as nitrogenous food by the 
microorganisms In preference to the less soluble proteins, 
particularly in the first stomach of ruminants, before the 
digestion of the protein began. Hagemann (83) thought that 
the protein was to a greater or less extent protected from
h.
destruction, while the non-protein was synthesized to pro­
tein by the microorganisms in the rumen and later digested 
by the animal in the lower digestive tract.
Armsby (9) commented in his review that if the bac­
terial protein formed from non-protein is digestible, one 
has essentially a group of active microorganisms in the 
digestive tract that are capable of converting non-protein 
into available protein, so virtually adding to the protein 
supply of the food by a sort of symbiosis.
During and shortly after the war of 19l!|--19l8 the 
shortage of protein concentrates for livestock in Germany 
stimulated renewed efforts to study the utilization of non­
protein substances by ruminant animals. Since urea was 
then beginning to be manufactured from the nitrogen of the 
air, the German investigators turned to urea as a source 
of non-protein material for their experiments. Mitchell 
and Hamilton (l£6) reviewed this work and concluded that, 
while there was evidence for the utilization of non-protein 
nitrogen by the ruminant, the question of the value of non­
protein substances was still controversial.
Asparagine, ammonium acetate and urea were used ex­
perimentally quite extensively by the German investigators 
during the first decade of the twentieth century. It is of 
significant interest that as early as 1920, a German in­
vestigator, Vdltz (20ij_), maintained a lamb on a semi­
purified ration in which urea supplied more than 90 per cent
of the nitrogen in the ration. The lamb initially 
weighed 29.29 Kg., and after nine months on the ration the 
lamb weighed lj.1.2 Kg.--a I4.O per cent increase. The ex­
planation given for this utilization of urea was that ■urea 
nitrogen was incorporated into bacterial protein in the 
digestive tract, and that approximately 80 to 90 per cent 
of this bacterial protein was absorbed. It was calculated 
that 350 g. of urea would replace 1,000 g. of protein.
Vtfltz (2OI4.) also observed at the same time that the addition 
of either sugar or starch to the semi-synthetic ration im­
proved the utilization of urea as the sole nitrogen source. 
Since this early work with synthetic diets, many investiga­
tors have attempted to show the value of non-protein nitro­
gen substances, particularly urea, for ruminants under a 
wide variety of feeding conditions. The early work on 
non-protein nitrogen utilization was reviewed thoroughly 
by Armsby (9) in 1911* by Mitchell and Hamilton (l£6 ) in 
1929 and later by Krebs (120) in 1937. During the next ten 
years, increased interest in the utilization of non-protein 
nitrogen developed and shorter reviews by Benesch (21),
Owen (165, 166), Axelsson (11), Savage and McCay (185),
Goss (8l) and Hastings (92) appeared in the literature.
In 19)4-7 McNaught and Smith (II4I4.) extensively reviewed the 
literature from 1937 to 19^7 on nitrogen utilization, and in 
19^3» Reid (179) reviewed in detail the literature pertain­
ing to the evaluation of urea as a nitrogen source for
6.
ruminants. Other recent reviews on ruminant microbiology 
and nutrition have been written by Elsden and Phillipson 
(65), Hungate (103), Singleton (189), Doetsch and Robinson 
(61) Huffman (99), Owen (167), Chalmers and Synge (5D, 
Burroughs and Hall (i|i|), and Moxon and Bentley (160).
The rumen is a large fermentation vat into which 
feedstuffs initially pass and remain for a variable period 
of time. The extent of degradation of the feedstuff or the 
extent of utilization of the non-protein nitrogen is partly 
dependent upon the length of time the ingested feed remains 
in the rumen. Since no enzymes are excreted into the rumen 
or are present in the saliva (207), the chemical changes 
which take place in the rumen appear to be due entirely to 
the rumen microflora and microfauna. Gall (7^) believes 
that most rumen bacteria are obligate anaerobes.
Bacterial counts reported in the literature range 
from 12 to 150 billion bacteria per milliliter of rumen 
liquor when cattle are fed adequate rations (119)(76)(72) 
(158). Protozoal counts usually average about one million 
per milliliter (106) under practical conditions.
Most of the bacteria that have been isolated from the 
rumen have been cellulose or starch digesting organisms, 
which have required unknown growth factors found in rumen 
juice or yeast extract for growth in an artificial medium. 
Bryant (32) isolated 5l different kinds of bacteria from 
cattle on a single ration and Gall £t al. (73, 7if) have
7.
reported the isolation of 22 culture types of bacteria 
which conform to their five criteria for judging true 
rumen organisms. Recently Lepovetsky (122) isolated l\S 
strains of amylolytic bacteria from cattle and studied 
the nutritional requirements of three of them.
Factors Which Influence the Utilization of Non-Protein
Nitrogen by Rumen Microorganisms
The importance of knowing the optimum conditions for 
the growth of the bacterial population cannot be over­
emphasized, when it is realized that the extent of non­
protein nitrogen utilization is dependent upon the optimum 
growth of the rumen bacterial population.
Because the unique ability of rumen microorganisms to 
digest cellulose is of major importance, much of the ex­
perimental work on the nutrition of rumen microorganisms 
has been related to factors affecting cellulose digestion. 
Investigations of factors affecting the utilization of 
non-protein nitrogen are, however, related to studies on 
cellulose digestion, since cellulolytic microorganisms con­
tain approximately JLpO per cent crude protein and therefore 
inherently require a source of nitrogen for growth.
1. The Ef fect of Protein on Non-Protein Nitrogen
Utilization
Early in vivo and in vitro work (208) (207) clearly 
suggested the conversion of non-protein nitrogen to protein
8.
In the rumen. This was determined by the decrease in 
ruminal ammonia (l£ij.) (155) and the concurrent increase in
protein nitrogen when urea or ammonium salts were included 
in the basal ration (l51j-) (90), by increased growth (89)
(91), increased apparent digestibility (88) (105), and
biological values for -urea (105) (106). The effect of 
nitrogen or protein as an essential nutrient for rumen 
microorganisms remained to be specifically outlined by 
Johnson ei; al. (106) on studies on non-protein nitrogen 
utilization by defaunated sheep. Relative to the biologi­
cal value of proteins for ruminants, Johnson _et aJL. (106) 
postulated: "Nitrogen in excess of that required by the 
microorganisms should have a biological value for the 
ruminant comparable to that for a non-ruminant of similar 
requirement." That most proteins have a biological value 
clo se to 60 for ruminants was found by numerous workers, 
(153) (105) (88) (89) (II4J4-), which led a number of investi­
gators to postulate that a considerable proportion of the 
protein ultimately utilized by the ruminant is microorgan- 
ismal protein (105) and that the nitrogen requirement of 
the ruminant may actually be the nitrogen requirement of 
the rumen microorganisms (ij-0) (106).
The effect of protein on non-protein nitrogen utiliza­
tion probably was observed for the first in the in vitro 
fermentation of Woodman el; al. (211), who found that after 
the 106th subculture of cellulolytic bacteria, obtained from
9.
a "hot" manure heap, in an artificial medium containing 
ammonium sulfate as the sole nitrogen source, the cellulo­
lytic activity of the culture began to decrease rapidly. 
However, if a "pinch" of casein was added to the medium, 
the cellulolytic activity was promptly returned to normal. 
However, Wegner e_t al. (207) in 19)4-1 found that when more 
than 2*5 g° of casein was added to an artificial medium, 
there was no decrease in ammonia nitrogen similar to what 
occurred in flasks containing only urea or ammonium bicar­
bonate as the nitrogen source. It was concluded, therefore, 
that the amount of protein in the media had a- negative in­
fluence on ammonia nitrogen utilization. It had been pre­
viously demonstrated by Lehkeit and Becker (121) that urea 
was rapidly hydrolyzed to ammonia by rumen bacterial urease 
but it had not been conclusively shown that ingested pro­
tein was broken down to ammonia. However, this negative 
influence was very likely the result of proteolysis as 
suggested by Pearson and Smith (171), who found that protein 
synthesis and protein breakdown were in a dynamic state with 
either one predominating depending on the presence of such 
factors as available soluble carbohydrate or available 
nitrogen.
In vivo studies also indicated an effect of protein on 
non-protein nitrogen (urea) utilization. Harris and Mitchell 
(88) found that if dietary protein supplied one-tenth of the 
crude protein of the ration, lambs could be maintained in
10.
nitrogen equilibrium for over 100 days on a ration contain­
ing 202 mg. of urea nitrogen per kilogram of body -weight 
per day. Other work by Hamilton _et ad.. (87) with growing 
lambs indicated that urea nitrogen was just as efficiently 
utilized by the microorganisms as the nitrogen from dried 
skimmilk, dried skimmilk plus cystine, gelatin feed, casein 
or casein plus cystine as long as the crude protein in the 
ration did not exceed 12 per cent, of which at least 21? 
per cent was preformed protein.
Before the nitrogen requirements of the rumen micro­
organisms were investigated in vitro, Burroughs and Gerlaugh 
(I4.O) observed that apparent dry matter digestibility gave 
a good indication of rumen microorganism activity. On that 
basis they found that the nitrogen requirements of rumen 
microorganisms in vivo for good dry matter digestibility 
were as low as 0.6Ij. per cent (I4. per cent crude protein) (1^2 ) . 
However, as starch was added to the corn cob ration, the 
nitrogen requirements of the microorganisms appeared to in­
crease, (ij-3 ) as indicated by the increase in dry matter di­
gestibility with protein added to the corn cob-starch ration 
(39) (J4.0) (Ipl) (I4.3 ) . Whether this increase in dry matter di­
gestibility was due to added protein per se or other factors 
was not established, but it was observed that the ash of 
alfalfa also increased dry matter digestibility (I4.I) . The 
apparent dry matter digestibility was correlated with nitro­
gen utilization since it had been shown that rumen bacteria
11.
contain 35? to 5?0 per cent protein (190) (li+6) .
In more recent In vitro studies, Burroughs ^t al.
(37)? found that added casein or gelatin did not increase 
the utilization of ammonia but did stimulate cellulose 
digestion. From this they concluded that the nutritional 
requirements of rumen bacteria are relatively simple in 
nature essentially involving only ammonia and not involv­
ing the more complex forms of nitrogen such as amino acids. 
The more recent in vitro results by Belasco (18) showing 
that urea was more efficient than the protein meals, soy­
bean, linseed, and cottonseed, in promoting cellulose 
digestion lend further support to this hypothesis. How­
ever, most of these studies have involved long fermenta­
tions In which the rumen population undoubtedly changes. 
Further work using washed cells and a shorter fermentation 
period need to be done to establish the nitrogen require­
ments of rumen microorganisms.
Gall et al. (77) observed that urea as the sole 
nitrogen source does not support a normal bacterial popula­
tion. For that reason, McDonald (138) suggested that pro­
bably many bacteria normally found in the rumen have speci­
fic requirements for certain amino acids. Lepovetsky (122) 
found that a starch-digesting microorganism isolated from 
the bovine rumen required proline for growth. Furthermore, 
Agrawla (2, 3) found a much higher level of Tessential' 
amino acids in rumen samples from cattle fed natural rations
12.
than from animals fed purified rations.
Chalmers et al. {1|_9) (50) recently reported experi­
ments to indicate that the value of protein to the ruminant 
animal varies inversely with the extent to which the pro­
tein is attacked and deaminated by microorganisms of the 
rumen. Accordingly, herring meal protein (£0) was found 
to be deaminated relatively slowly and therefore to be 
superior to casein in growth experiments and nitrogen re­
tention in lambs on a low plane of nutrition. A rapid 
breakdown of protein in the rumen results in excess ammonia 
being absorbed into the veins draining the rumen, with a 
resulting partial loss into the urine.
2. The Effect of Carbohydrates on Non-Protein 
Nitrogen Utilization
Early experiments by VfJltz (20i^) with growing lambs 
indicated that either sugar or starch added to a semi­
synthetic ration increased the utilization of urea when 
urea supplied more than 90 per cent of the dietary nitrogen.
Subsequent reports have confirmed and extended these 
observations with the result that individual differences 
in response can usually be explained on the basis of the 
ration fed.
Probably the first direct evidence for the influence 
of soluble carbohydrates on protein synthesis by rumen micro­
organisms was obtained by the classical in vitro experiments
13.
of Wegner et_ al^ . (207) » who foimd that the disappearance 
of ammonia from an "artificial rumen" was proportional to 
the amount of starch, molasses or cerelose added to the 
medium. Apparently, their in vitro medium was inadequate 
in minerals, or the incubation time was too short, for 
they failed to show ammonia utilization with cellulose as 
the carbohydrate source.
These in vitro results were confirmed by Pearson and 
Smith (171) who used whole rumen juice and also found that 
a readily hydrolyzable carbohydrate such as starch was re­
quired for protein synthesis to predominate over protein 
breakdown during a 3-hour incubation period. In addition, 
Pearson and Smith (171) showed that starch was essentially 
equivalent to galactose and maltose, but considerably more 
effective than lactose, glucose, sucrose, dextrin, glycerol 
or lactic acid in supplying a suitable substrate for rapid 
ammonia utilization.
McNaught (lipl) of the same laboratory extended these 
observations and tested many more carbohydrates, sugars, 
lower fatty acids and metabolic acids as energy sources 
for protein synthesis. With respect to starch she observed 
that for some undetermined reason boiled potato and corn 
starch supported protein synthesis much more rapidly than 
the raw starch. Using maltose as the control, which sup­
ported protein synthesis to the extent of 9 mg. N per 100 g. 
rumen liquid per 1|. hours, boiled starch supported greater
In­
activity (l£.6 mg. N) and raw starch, supported much, less 
activity (n*2 mg. N). Inulin, raffinose, cellobiose, mal­
tose, sucrose, glucose, D-(-)-fructose, D-(+)-mannose, 
D-(+)-galactose, L-(+)-arabinose, and D-(+)-xylose were 
found to give essentially equivalent activity to maltose, 
but L-(-)-sorbose, D-(-)-arabinose, gluconic, glucuronic 
or glucosaccharic acids, mannitol, sorbitol, alginic acid 
or glucosamine supported essentially no activity. Further­
more, the lower fatty acids acetic, propionic and butyric 
acids supported no bacterial growth, but 0 -hydroxybutyric 
showed partial activity (3-5 ^g* N synthesized). The other 
organic acids tested, lactic, tartaric, citric, succinic, 
fumaric and malic, showed no activity in supporting bac­
terial growth and protein synthesis. It is of interest to 
observe that since the oxidation products of glucose, glu­
conic and glucuronic acids, and a reduction product, manni­
tol, produced no measurable activity, it would appear that 
both a potential aldehyde and a primary alcohol group are 
essential for the substance to be used for bacterial growth. 
It was pointed out that molecular configuration was also 
important since D - (-)-fructose was readily fermented while 
L-(-)-sorbose showed no activity.
A number of investigators have attempted to determine 
the optimum amount of readily available carbohydrate that 
is required for maximum non-protein nitrogen utilization 
in vitro. The results obtained may be classified according
15.
to the length of the fermentation and whether whole or 
diluted rumen liquor was used for the medium. Pearson and 
Smith (171) were the first to determine the optimum quan­
tity of readily available carbohydrate required for maxi­
mum urea nitrogen utilization in vitro. Using whole, 
strained, rumen liquor, they found that 0.3 g. starch per 
100 ml. fermentation medium gave essentially maximum pro­
tein synthesis during a 3-hour fermentation period. Subse­
quent work by Smith and Baker (190) indicated that 1 per 
cent glucose or maltose appeared to be optimum (12 mg. N 
fixed per 100 g. rumen liquor) for a 3-hoi*** fermentation 
period. Since then Me ITaught et al. (li+1, 11+2, 11+3? 11+5 3 
li+6) have routinely used 1 per cent maltose in the medium. 
However, Hudman e_t al. (98) more recently found that 0.3 
per cent glucose was optimum for maximum protein synthesis 
in vitro using a diluted inoculum, a short incubation 
period, and a higher level of urea.
Conversely, using cellulose digestion as the criterion 
of microorganism activity and an incubation time of 38 
hours, Hoflund erb al. (98) found that the addition of 0.1 
to 0.2 per cent glucose to the medium promoted optimum 
cellulose digestion whereas 0.1+ per cent glucose depressed 
cellulose digestion considerably. The inoculum for these 
determinations was taken from a lamb fed only poor quality 
grass hay. When the inoculum was obtained from a lamb get­
ting alfalfa hay plus casein, good cellulose digestion was
I 16.
maintained in vitro even at the 1.2 per cent glucose level. 
These results were also confirmed by appropriate tests in 
vivo, using molasses as the carbohydrate and casein as the 
protein supplement (96).
Arias ejb al. (8) used a diluted inoculum, a 2L|.-hour 
fermentation period and a continuous transfer technique 
for studying the effect of various energy sources on cellu­
lose digestion and urea utilization in vitro. They found 
that 0.3 P©i* cent starch, sucrose or glucose was necessary 
for maximum nitrogen utilization, but only 0.1 per cent 
starch, sucrose, or glucose was required to support maximum 
cellulose digestion. Furthermore, large amounts of readily 
available carbohydrate had a negative influence on cellu­
lose digestion and unless cellulose digestion occurred over 
an extended period, urea utilization failed to continue be­
yond a rather short initial fermentation period. When 
this occurred, the bacterial protein initially synthesized 
from urea apparently began to be broken down, similar to 
any other conventional protein, even though adequate 
amounts of ammonia were present in the fermentation medium. 
Additional examples of similar protein breakdown were ob­
served In the data of Iludman ©t. al. (96).
Furthermore, Heald (9i+) observed that glucose-contain­
ing carbohydrates in rumen microorganisms Increase markedly 
after feeding and then rapidly decline, which further sub­
stantiates the observation that an initial, rapid growth of
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microorganisms takes place with, readily available carbohy­
drate after which hydrolysis of the microorganisms may 
occur. Recently Robinson et. al. (l8l) confirmed the ap­
pearance of iodine staining substances during the early 
part of the fermentation and the disappearance of this ma­
terial as the fermentation proceeded.
Since a high concentration of ammonia in the rumen 
causes ammonia to be absorbed from the rumen into the blood 
stream, of which some may be converted to urea in the liver 
and excreted into the urine, the amounts of readily avail­
able carbohydrate required for maximum utilization of non­
protein nitrogen and optimum cellulose digestion may be 
somewhat higher than the optimum amounts determined by 
in vitro experiments.
No attempt will be made to cite all the references 
which appeared in the literature pertaining to the effect 
of readily available carbohydrates on non-protein nitrogen 
utilization and cellulose digestion in vivo. The reviews 
by McNaught and Smith (II4J4-) and Reid (179) and the bulletin 
by Foreman and Herman (70) may be consulted for a descrip­
tion of many of the experiments. However, a number of the 
more significant observations will be given here.
Hart et al. (91) were probably the first in this 
country to suggest that soluble carbohydrates improve the 
utilization of non-protein nitrogen by rumen microorganisms. 
Molasses added to a timothy hay-starch-corn ration stimu­
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lated the appetite and increased the apparent utilization 
of urea and ammonium bicarbonate nitrogen in growing calves.
Prior to this, however, G-erlaugh (80) observed that 
2 pounds of molasses per day was an excellent appetizer 
for fattening calves. In the early forties, Mills ejt al. 
(l£I|_) observed that when urea was added to the basal 
ration consisting of only timothy hay, hydrolysis of the 
urea to ammonia and disappearance of the ammonia from the 
rumen contents was very slow, and six hours after feeding 
there was no increase of the protein level of the rumen 
contents above that when the timothy hay alone was fed.
When starch was fed with urea the protein level of the 
rumen contents rose rapidly and the ammonia nitrogen dis­
appeared in six hours. Thus it appeared essential that 
for the efficient utilization of ammonia, an easily hy­
drolyzable carbohydrate such as starch must be present in 
the ingesta.
The necessity for sufficient starch was confirmed 
in somewhat similar experiments by Mills et al. (1E>5)» who 
found that starch was superior to molasses in promoting 
protein synthesis in the rumen, and in supporting an in­
creased rate of gain for growing calves.
Furthermore, McDonald (138) observed that dosing 
starch into the rumen of sheep 20 hours after consuming a 
aein-containing diet, at which time the ammonia concentra­
tion was relatively high, caused a rapid reduction in the
concentration of ammonia in the rumen.
The addition of readily available energy, starch, 
molasses, etc. to low protein rations has been shown to 
increase wool growth in mature sheep (172) (173)> increase 
the rate of gain of steers (23) (115) , and increase the
nitrogen retained by sheep (78) (93)> calves (126), and 
steers (20).
However, Fontenot et al. (69) reported that the ad­
dition of 1050 g. cerelose per day to steers on a low 
protein ration reduced the nitrogen retained from 6.Ip to 
3.9 g. per d.ay, although the corresponding biological 
values of the nitrogen increased from 80.Jp to 86.5 per* 
cent. It was concluded, therefore, that at the 7 per cent 
crude protein level, the addition of available carbohydrate 
to wintering-type rations increased the utilization of ab­
sorbed nitrogen, but decreased the amount of nitrogen 
retained.
The effect of added carbohydrates on crude fiber 
digestion in ruminants has been studied quite extensively, 
and with the levels used, several investigators (157) (86) 
(105) have reported a decrease in either crude fiber or 
cellulose digestion. This decrease in fiber digestion with 
relatively high levels of. carbohydrate feeding has general­
ly been attributed to the rapid utilization of the avail­
able nitrogen, carbon and mineral nutrients of the diet by 
the more rapidly multiplying starch digesting microorgan­
isms. Probably the most striking example was the addition 
of Ip pounds starch per day to steers on a low protein ra­
tion (Ip per cent crude protein) containing Ip pounds corn 
cobs and 1 pound alfalfa hay (Ip3)» The added starch 
lowered the apparent roughage dry matter digestion from 
60.0 to 13.2 per cent. Increasing the amount of casein 
added to the ration up to two pounds per day, in addition 
to the Ip pounds of starch, increased the apparent roughage 
dry matter digestion to 33*3 P©i* cent. Further experiments 
by Burroughs jet al. (ipl) indicated that either a water ex­
tract or the ash of alfalfa restored roughage dry matter 
digestion. Thus the addition of starch magnified the nu­
trient requirements of the cellulose digesting microorgan­
isms since both amylolytic and cellulolytic organisms ap­
peared to be competing for the available nutrients. How­
ever, it has been observed that dosing a ruminant with a 
readily available carbohydrate such as glucose or starch 
causes a rapid drop in pH from 7*0 to about 6.0 or even 
lower (173)* Thus the effect of starch may have been to 
lower the pH to the extent that cellulose digestion may hav 
been inhibited.
Just as the conversion of urea to ammonia requires 
the presence of bacterial urease (170) and cellulose to 
glucose bacterial cellulase (110), the conversion of starch 
to maltose requires bacterial amylase (171)(133)(203)(163). 
The saliva contains no amylase and none is secreted into
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the rumen (175)(l63)» However, Nasr (163) has extracted 
rumen bacterial amylase, and has demonstrated the amylase 
to be of the oc-type.
Although the optimum amount of readily available 
carbohydrate for maximum cellulose digestion in vitro has 
been determined, the optimum amount of readily available 
carbohydrate in vivo has not been established due, in part, 
to the palatability problems encountered in feeding puri­
fied rations.
It is generally considered that most of the readily 
available carbohydrate is attacked by the bacteria in the 
rumen and converted to volatile fatty acids (17lf-). Heald 
(9l|-) has estimated that in hay-fed sheep, only 5 to 6 g. 
glucose or glucose equivalent passes from the abomasum in 
2J4. hours, which is of minor importance in supplying the 
energy requirements of the sheep.
3. The Effect of Minerals on the G-rowth of Rumen
Microorganisms
a. In Vitro
The necessity for minerals for the growth of rumen 
microorganisms in vitro was inadvertantly observed in 
the experiments of Wegner ejt aH.. (207) who obtained 
no cellulose digestion in tubes inoculated with rumen 
microorganisms. However, the requirement of the 
cellulolytic microorganisms for minerals was clearly 
demonstrated ten years later by Burroughs est al. (38,
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Jj.5, 14.7 ) using a serial transfer technique in vitro.
The composition of the mineral mixture used in vitro 
was based in part on McDougallTs (IJ4.O) analysis of 
parotid saliva, found to contain sodium, potassium, 
calcium, magnesium and phosphorus, plus the trace ele­
ments iron, copper, cobalt and zinc used by Marston 
(133) plus a small amount of manganous sulfate.
Although the chloride or sulfate salts of these 
minerals were used and the described mineral mixture 
was effective in stimulating cellulose digestion and 
urea utilization, only the minerals, iron (lij.2 ) (llj-3 ) 
(Ij.6 ) and phosphorus (1(.6) have subsequently been 
demonstrated to be required by the rumen microorgan­
isms. Burroughs et al. (lj.6 ) have reported that pre­
liminary experiments indicated that sodium, potassium, 
calcium, magnesium, sulfur and chlorine are required 
by rumen microorganisms for cellulose digestion and 
urea utilization in vitro. However, the data support­
ing the observations have not yet appeared in the 
literature.
In addition to the requirement for iron and phos­
phorus, the requirement of the microorganisms for 
sulfur for cellulose digestion and urea utilization 
in vitro has been clearly demonstrated by Cline (f?3) 
and Hunt et al. (lOif).
Although the remaining minerals (Na, K, Ca, Mg, Cu,
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Co, Mn, Zn) used in Burroughs’ complex mineral mix 
(38) have not been demonstrated to be required, the 
described complex mineral mixture has generally been 
used in studies with rumen microorganisms in vitro 
(182) (2lf-) (17) (18) . In addition to the minerals 
definitely shown to be required, a phosphate buffer 
and a source of carbonate have also been routinely 
used to help maintain the pH (6.1? to 7»0) and to 
satisfy the carbon dioxide requirements of the micro­
organisms (100).
Even though the complex mineral mixture containing 
the trace elements required for animal nutrition has 
been used in the basal medium, Burroughs e_t al. (38, 
i|.6) and Bentley et al. (22) have shown that the fur­
ther addition of the ash of either molasses, timothy 
hay, clover hay or alfalfa hay was effective in stimu­
lating cellulose digestion and urea utilization, which 
suggests that certain trace mineral elements are re­
quired that are not included in the complex mineral 
mixture described by Burroughs jet al. (38).
McNaught e_b al. (lip3) demonstrated that the growth 
of rumen microorganisms in vitro is definitely in­
hibited by 25>, 1,000, 1,000, and 2,000 parts per 
million respectively of copper, iron, cobalt and 
molybdenum. No observations were made on the inhibi­
tory effects of high concentrations of other minerals.
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b . In Vivo
In addition to the in vitro experiments that have 
been designed to determine the mineral requirements of 
the rumen microorganisms, in vivo investigations have 
been made to determine the mineral elements required 
for the well-being of the host animal, with implica­
tions as to the effect on the rumen microorganisms. 
Criteria that have been used to demonstrate the effect 
of minerals on the multiplication of rumen microflora 
have been 1) rate of gain, 2) cellulose digestion,
3) roughage dry matter digestion, Ij.) nitrogen reten­
tion and 5) biological value. Thus, mineral elements 
have been added to rations to improve the utilization 
of urea as well as to improve the utilization of poor 
quality hay or corn cobs.
The requirement of the ruminant animal for sodium, 
potassium, calcium and phosphorus is well established 
(159).
However, the first element that was suggested to 
be required for the growth of rumen microorganisms, 
other than carbon, hydrogen, oxygen and nitrogen, was 
suilfur (127) • The addition of 1.1 per cent methionine 
to a lamb ration containing 1.02 per cent urea in­
creased the average daily gain from 0.17 to 0.28 pounds 
per day and the nitrogen retained from l.Oij. to 2.ijJL g. 
per day. The addition of Inorganic sulfur as sodium
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sulfate to the ration containing urea also increased 
nitrogen retention from to l.Lj-5 g. per bay* but
did not stimulate the rate of gain. Two years later, 
Lofgreen jet al. (125) reported a similar increase in 
nitrogen retention when methionine (0.2 per cent) was 
added to a ration in which I4.0 per cent of the nitrogen 
was supplied by urea.
More recently, the value of methionine supplementa­
tion has been re-investigated, and under more practical 
conditions with rations containing urea and adequate 
sulfur, methionine supplementation did not significant­
ly 1) increase the rate of gain of fattening lambs 
(I6J4.), 2 ) improve the utilization of low protein 
(7.2 per cent) rations (79)(113) t or 3 ) improve the 
utilization of the constituents of a ration supple­
mented with urea (112) (lli^ .) (79) •
The synthetic ration used by Starks ejfc al. (193)» 
however, conclusively demonstrated the importance of 
sulfur in the ration. The lambs fed the basal ration 
lost 0.20 pounds per day whereas the lambs supplemented 
with either elemental sulfur, sodium sulfate, or 
methionine gained an average of 0.28 pounds per day. 
Elemental sulfur was as effective as either sodium 
sulfate or methionine in stimulating the rate of gain. 
The sulfur containing compounds also significantly in­
creased the rate of wool growth on the lambs.
Other recent experiments by the same group of 
workers (I4.)(f?) indicated that elemental sulfur and 
urea were effective in replacing ■J- pound soybean oil 
meal as a supplement for wintering ewe lambs.
Gall et al. (77) and Williams e_t al. (210) made 
bacterial counts on rumen contents from sulfur defi­
cient and sulfur supplemented sheep and both observed 
that rumen bacterial counts on sulfur deficient lambs 
were only one-half of those normally found on rations 
containing adequate sulfur.
Using radioactive sulfur as sodium sulfate, Block 
et al. (30) demonstrated the synthesis of the sulfur
containing amino acids, methionine and cystine, in 
essentially equal quantities in the rumen.
The above experiments demonstrated that rumen 
microorganisms require sulfur for the efficient utili­
zation of ammonia, cellulose digestion and roughage 
dry matter digestion. Because of the increased bac­
terial numbers that were obtained with adequate sul­
fur supplementation, sufficient bacterial protein was 
synthesized to supply the methionine and cystine re­
quirements of the host animal. Furthermore, the in­
creased number of bacteria were capable of digesting 
a greater quantity of roughage dry matter, thus supply­
ing more energy to the host in the form of the volatile 
fatty acids formed.
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By determining the activity of the rumen micro­
organisms in vitro before and after supplementing a 
steer with steamed bone meal or ground limestone, 
Bentley ejfc al. (2l\.) suggested that the availability 
of the phosphorus in poor hay was responsible for 
the decreased cellulose digestion and urea utiliza­
tion obtained in vitro when the inoculum was obtained 
from a poor-hay fed steer. Thomas £t al. (19E>) re­
ported, more recently, that steers fed rations ade­
quate in phosphorus made significantly greater gains 
than steers fed rations low in phosphorus. The 
availability of the phosphorus in alfalfa hay has 
been shown to be as high as 91 per cent (12I;.).
The requirement of the ruminant animal for cobalt 
has been well established (I3I4J. However, the abso­
lute requirement of rumen microorganisms for cobalt 
for crude fiber digestion and urea utilization re­
mains to be demonstrated.
The data of McNaught jst al. (1^3) suggest that 
cobalt may be required by the rumen microorganisms 
for protein synthesis, whereas Abelson and Darby (1) 
and Johnson (107) have observed that cobalt is re­
quired for the synthesis of vitamin B an(  ^B^-^i^e 
substances in the rumen. The fact that crude fiber 
digestion in cobalt deficient lambs (Becker and Smith, 
(1Lj.)(1S>) and steers (27) was not impaired suggests
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that the microorganisms responsible for crude fiber 
digestion do not require cobalt or vitamin or
that sufficient cobalt is available in the forage to 
supply the cobalt requirements of the cellulolytic or­
ganisms but insufficient to support many of the other 
carbohydrate digesting organisms normally found in the 
rumen. Further support for the latter view is ob­
tained from the observations by Gall et al_. (75* 76,
77) that cobalt deficient animals support a greatly 
reduced and altered bacterial population.
Although early work by Becker et al. (16) indicated 
that single subcutaneous injections of vitamin UP 
to 125 hg pei* week or vitamin B ^  per os did not 
alleviate the cobalt deficiency symptoms in sheep, 
later work by Marston (I3I4.) using injections of 2>0Q ng 
vitamin B ^  Per week demonstrated the immediate and 
rapid improvement in appetite and the disappearance of 
the cobalt deficiency syndrome, similarly to, but even 
slightly more rapidly than, the dosing of 1 mg. cobalt 
per day. Therefore, the requirement for cobalt or 
vitamin B-^ for the rumen microorganisms for cellulose 
digestion remains to be demonstrated, although the in­
vestigations by Gall _et al. (75* 76) suggest that cer­
tain microorganisms normally found in the rumen require 
cobalt or vitamin
The series of digestion trials reported by Bur-
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roughs et a_l. (lj.0,l±2,Lj.1) has suggested that the mineral 
requirements of the rumen microorganisms may increase 
as the amount of starch in the ration is increased. 
Since the roughage (corn cob) dry matter digestion de­
creased as the amount of starch in the ration in­
creased, it was postulated that the more rapidly- 
growing, starch-digesting microorganisms used up the 
available minerals and that a sub-optimal amount re­
mained for the slower-growing, cellulose-digesting 
microorganisms. This hypothesis was tested by the in­
clusion of starch (j?8 per cent) in a ration in which 
alfalfa hay was the sole roughage. The roughage dry 
matter digestion was not lowered in one experiment, 
and only slightly in another experiment (I4I?). Further 
work indicated that the factors in alfalfa hay that 
aided in maintaining good roughage (corn cob) dry 
matter digestion, when the ration contained J4.O per 
cent starch, were water soluble and partly or wholly 
associated with the inorganic constituents (ash) (J4.I) . 
Tillman et al. (199) and Chappel eHb al. (5>2) have 
also observed a significant increase in crude fiber 
digestibility on the addition of either alfalfa ash or 
synthetic alfalfa ash (186) to semi-purified sheep ra­
tions containing cottonseed hulls and corn cobs as the 
chief roughage, respectively, whereas no increase was 
obtained with prairie hay as the roughage (197). The
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addition of cobalt had no effect on crude fiber di­
gestibility (199). The minerals recommended by the
National Research Council (168) were also ineffective 
in increasing crude fiber digestibility (5>2).
Since Cason at al. (i|8 ) demonstrated a significant 
positive correlation between the ash content of the
ingesta and the pH of the rumen, and Chappel et al.
(5>2 ) observed that the appetite of lambs was sharply 
reduced by replacing dicalcium orthophosphate with 
calcium chloride or monocalcium orthophosphate in the 
synthetic ash, it was suggested that appetite stimula­
tion as well as crude fiber digestibility may have 
been favored by the more neutral pH of the rumen (£2). 
In view of these more recent results by Cason ejb al. 
(Ij.8 ), Tillman ejb al. (199) and Chappel jet al. (5>2) 
the decreased roughage dry-matter digestibility ob­
served by Burroughs £t al. (Lf.0, Lf.2, I4.I) on the addi­
tion of starch may have been caused, partially, by a 
lowered pH due to the rapid formation of volatile 
fatty acids from starch, rather than a limited supply 
of minerals per se. However, the pH range in which 
cellulose or crude fiber digestion is optimum has not 
been established. Swift ejb al. (19ij-) concluded that 
the net effect of the addition of alfalfa ash to ra­
tions containing mainly ground corn cobs was to in­
crease the amount of feed energy available to the
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animal by increasing the crude fiber digestibility.
The stimulatory effects of alfalfa ash, molasses 
ash, and a mineral mixture, observed by Bentley et al. 
(23, 28) and Klosterman et alL. (115>) on the rate of 
gain of steers fed a poor quality roughage, appeared 
to be wholly associated with the cobalt content of 
the various supplements (27)*
Ij.. The Effect of Unidentified Factors on the Growth 
of Rumen Microorganisms In Vitro
The rate of roughage dry matter digestion and ammonia 
utilization by rumen microorganisms appears to be directly 
proportional to the nutritional quality of the ingesta of 
ruminants (I4.O, 1|2, I4.3 , lj-l> 39) (183) (23)* The utilization 
of non-protein nitrogen by lambs has been shown to be stimu­
lated by the addition of a small amount of yeast to a dry 
lot ration (111) (162), and Tosic (202) and Thompson and 
Tosic (196) have observed that the addition of an autolysate 
of baker's yeast stimulated the appetite and rate of gain of 
sheep on relatively poor quality roughages.
These reports, together with the observations of 
Burroughs et al. (1^ 2, Ij.3) that added starch lowered but al­
falfa hay restored roughage (corn cob) dry matter digestion, 
led Burroughs ejb al. (lj-3) to postulate that protein rich 
feeds and good quality roughages contain unidentified 
growth factors, other than nitrogen, minerals and energy,
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that stimulate the growth of cellulolytic rumen micro­
organisms .
A number of workers, therefore, have attempted to 
isolate and identify the growth stimulating substances 
found in protein rich feeds and good quality roughages. 
Although the initial observations were made with animals, 
because of the ease with which cellulolytic rumen micro­
organisms could be cultured in vitro, practically all the 
subsequent investigations on the nutritional requirements 
of the bacteria have been performed in vitro with 1) a 
diluted rumen liquor, 2) a mixed suspension of bacteria 
or 3) isolates from the rumen.
The pioneering work of Burroughs ejt al. (38» k-% ? k-7) 
who developed a 2l|.-hour serial transfer technique for di­
luting out the ■unidentified nutritional factors in rumen 
liquor, indicated that certain natural materials such as 
alfalfa, clover and rye hay, autoclaved rumen liquor, 
autoclaved manure extract, dried distillers solubles, soy­
bean oil meal and linseed meal were potent sources of 
cellulolytic factor activity. Cane molasses, corn, wheat 
bran and cottonseed meal were intermediate, whereas meat 
scraps, fish meal, liver meal corn cobs, corn stover, wheat 
straw, timothy-bluegrass mature hay and oats showed little 
or no cellulolytic factor activity.
About the same time Hungate (103) Isolated a number of 
cellulose digesting microorganisms from the rumen and found
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that the microorganisms grew best when rumen fluid was 
included in the medium, and that most strains required it. 
Rumen fluid was also required in the medium to culture an 
obligate anaerobic spirochete belonging to the genus 
Borrelia for one year (33). Hungate (103) found that yeast 
extract could be substituted for rumen fluid to culture 
certain types of rumen bacteria, whereas Sijpesteijn (187, 
188) and Iiuhtanen ^t al. (101) observed that yeast auto­
lysate and peptone could be substituted for rumen fluid in 
an enrichment medium used for the cultivation and partial 
purification of cellulose decomposing cocci. Doetsch e_t al. 
(62) reported that rumen fluid contains unknown substances 
essential for optimal growth of some rumen bacteria that 
are not provided by a medium (Eugon Agar) devised for nu­
tritionally fastidious bacteria.
Attempts to isolate the stimulating principle found 
in rumen fluid, cow manure, yeast extract and other natural, 
protein-rich feeds and good quality forages have resulted 
in varying degrees of success because of the multiple nature 
of the factor causing the stimulation.
Quinn (178) was probably the first to fractionate 
natural material for cellulolytic factor activity. The 
factor fractionated from yeast extract, observed to stimu­
late a thermophilic, cellulose-digesting bacterium was water 
soluble, was absorbed on Norite at pH 3 tout not at pH 6, 8 
or 10, and was not destroyed by ashing.
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1 Ruf (182) fractionated yeast extract and used the
serial transfer technique of Burroughs et al. (I)-6 ) to 
assay the various fractions for cellulolytic factor acti­
vity. The average cellulose digestion during the fourth 
to the tenth 2l|.-hour transfer period was used as the 
criterion of factor activity. The factor observed to stimu­
late cellulose digestion after the fourth transfer was 
found to be 1 ) heat stable, 2 ) water soluble, 3 ) soluble in 
low concentrations of ethanol, J4.) adsorbed on Norite and 
eluted with acetone and ethanol, 5>) not absorbed on Nal- 
cite HGR or IRA I4.IO anion-exchange resins, 6 ) destroyed by 
ashing and 7 ) not removed from aqueous solution by acid or 
alkaline zinc sulfate precipitation. Appropriate experi­
ments also indicated that the factor in yeast extract was 
apparently not an amino acid or a B-complex vitamin. The 
effect of yeast in vivo was tested at the 5 pen cent level 
in a purified ration containing 30 per cent Solka-Floc, 31 
per cent corn starch and 2k per cent corn sugar. The added 
yeast stimulated the rate of gain of lambs from O.Of? to 
0.21 pounds per day during a £6-day period (183). Further 
investigations on the isolation and identification of the 
active factor In yeast extract have not been reported.
Bentley et_ ajL. (29* 22) used the sediment (Sharpies) 
of strained rumen juice as the inoculum and demonstrated a 
2 to 3 fold increase in cellulose digestion when autoclaved
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rumen juice was added to the in vitro fermentation. Since 
the essential growth factors were "diluted out" but not 
destroyed by the separation of the cells from the mother 
liquor, a clear cut, vitamin-like stimulation was obtained 
from the supernatant which contained the unidentified nu­
tritional factors not contained in the basal medium, when 
the suspension of ruminal cells was cultured in a medium 
containing 1 per cent cellulose, 0.1 per cent glucose,
0.168 per cent urea and mineral salts. Fractionation 
studies of the supernatant indicated that the factor was 
1) destroyed by ashing, 2) not precipitated with neutral 
lead acetate, 3) soluble in absolute alcohol, if) insoluble 
in ether, 5) adsorbed on Norite at pH 3 to if.5 hut not at 
pH 6 to 11 and 6) partially eluted from Norite under alka­
line conditions. Furthermore, the activity in the rumen 
juice was stable in 1 N NaOH and at pH 7 for 2if hours at 
l£ pounds pressure in the autoclave but unstable in 1 N HC1 
for that period under the above conditions. The activity 
in a water extract of alfalfa leaf meal was stable, how­
ever, for if hours in 1 N HG1 or NaOH at l£ pounds pressure 
in the autoclave, which suggested a difference in the 
identity of the factors in rumen juice and alfalfa leaf 
meal.
McNeill jet al. (Iif7, lif8) Independently, attempted to 
fractionate rumen liquor for factor activity for the growth 
of rumen microorganisms in vitro. The activity was measured
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by bacterial counts after incubation at 39° C. for 72 
tours. The activity was 1) not destroyed by aeration for 
I4. hours, 2) adsorbed on Norite, 3) partly (15 per cent) 
eluted from Norite with 95 per cent ethanol, methanol, 
acetone or acetone-ammonia, and JL|_) relatively stable to 
acid and alkaline hydrolysis.
Shortly thereafter, Bryant and Doetsch (3^ -) reported 
that various strains of Bacteroides suecinop;enes Hungate, 
that had been shown to digest cellulose, required a factor 
in rumen fluid that was heat, acid and alkali stable.
Because of the usual difficulties in isolating un­
identified growth factors of a multiple nature from natural 
materials, the group of workers at the Ohio Experiment Sta­
tion (29, 22), the Iowa Experiment Station (8ij.) , and the 
University of Maryland (llj.7 ) ( 3I4.) (35) added complex mix­
tures of known B-complex vitamins, amino acids, purines 
and pyrimidines, alfalfa ash (29, 2 2 ) (3 4^-) (8I4.) (II4.7 ) , and 
partial hydrolysates of casein, chicken feathers, hair and 
blood meal (85) to their respective media to assay for 
cellulolytic factor activity.
At the forty-fifth annual meeting of the American 
Society of Animal Production, Bentley ejt al. (29) reported 
that the combination of nine B-vitamins, adenine, uracil, 
xanthine, and alfalfa ash stimulated the growth of the 
cellulose digesting microorganisms almost as much as the 
addition of 10 per cent autoclaved rumen juice. At the
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same meeting, Hall et_ al. (8Ij.), using washed suspensions 
in vitro, reported that the vitamins biotin, PABA,
pyridoxine, riboflavin and folic acid stimulated cellulose 
digestion, but that a combination of B-j^  and biotin was 
more stimulatory to cellulose digestion than any single 
vitamin or combination of vitamins tested. Also, small 
amounts of ribose, L-sorbose, xylose, arabinose and 
rhamnose were reported to be slightly stimulatory.
Wasserman ejb al. (205) reported the isolation of 
variants of Lactobacillus bifidus from the rumen that re­
quired or were stimulated by thiamine, niacin, pantothenic 
acid, biotin, riboflavin, pyridoxine, folic acid, PABA,
B^2 * adenine, guanine, xanthine and uracil.
Previously McNeill ejb al. (II4.7 ) had reported that 
various amino acids and casein hydrolysate stimulated the 
growth of rumen microorganisms.
These progress reports in 1953 clearly indicated the 
multiple nature of the cellulolytic factor response. The 
reports of more recent investigations have suggested the 
identity of several of the substances that give this 
response. Since several groups of workers were attempting 
to "uncover11 the unidentified cellulolytic factors, refer­
ence will be made to them in the order in which the results 
appeared in the literature.
Bentley at al. (22) suggested that biotin and para- 
amino-benzoic acid were components of the cellulolytic
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factor. When these vitamins were included in the basal 
medium, however, more recent results indicated that only 
one-third maximum cellulolytic response was elicited (25)• 
However, in a letter to the editor, Bentley _et al. (25) 
reported that the addition of n-valeric or n-caproic acid 
to the medium containing biotin and PABA restilted in 
essentially maximum cellulose digestion. The association 
of valeric acid as the active "cellulolytic" factor found 
in rumen juice was also suggested since the active prin­
ciple was steam distilled from acidified rumen juice. Fur­
thermore, in a preliminary report of the results presented 
in this paper, Bentley et_ ad^ . (25) suggested that the fac­
tor activity in alfalfa meal and yeast extract may be 
associated with its free amino acid content.
Using washed suspensions of rumen bacteria, Hall 
et al. (85) reported essentially maximum cellulose diges­
tion in vitro with partial hydrolysates of casein and 
chicken feathers. However, no cellulose digestion was ob­
tained with either untreated purified casein or completely 
hydrolyzed casein, which suggested to them that the un­
identified factors in certain natural feeds were water 
soluble peptides.
Bryant and Doetsch (3I4.) isolated eight strains of 
cellulolytic microorganisms belonging to the species 
Bacteroides succinogenes Hungate, and from studies on their 
nutritional requirements concluded that rumen fluid contained
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a growth factor for these organisms that was not a common 
B-vitamin, amino acid, peptide, purine, pyrimidine or min­
eral, and was not found in water extracts of alfalfa meal 
or bovine feces. Further studies by these workers (35>) in­
dicated that these cellulolytic microorganisms required a 
combination of both a straight-chained component (n-valeric 
or n-caproic acid) and a branched-chained component (iso- 
butyric, isovaleric or DL-<<.-methyl n-butyric acid) for 
growth, which essentially confirmed the identity of the 
factor activity in rumen liquor reported by Bentley jet al. 
(25>) with mixed suspensions.
However, the quantitative isolation and identification 
of the active cellulolytic factor activity in rumen liquor 
and natural feedstuffs remains to be presented. El-Shazly 
(66, 67) presented evidence to indicate that normal and 
branched butyric, valeric, and caproic acids normally occur 
in the rumen and can arise via the deamination of the 
corresponding amino acids.
The requirement of cellulose digesting rxomen micro­
organisms for valeric, caproic and certain branched chain 
Ccj and acids appears to be a unique. Ho other organisms
have as yet been observed to require these acids for growth. 
The mode of action of these acids is unknown. The purpose 
of this investigation is to report certain observations lead­
ing to the discovery of these nutritional factors in addi­
tion to the effect these factors have on the utilization of 
non-protein nitrogen by rumen microorganisms in vitro.
ko.
The Value of Ammoniated Products as Nitrogen Sources for 
Rumen Microorganisms and Ruminants
Urea is the only synthetic organic compound that is 
used extensively today in ruminant feeds as a protein ex­
tender. It is only natural that urea is utilized by rumin­
ant animals, for the saliva of ruminants contains urea, 
which is rapidly broken down to ammonia by bacterial urease 
in the rumen, with subsequent utilization of the ammonia by 
billions of rumen microorganisms which require ammonia ni­
trogen for growth. Therefore, since ammonia is converted 
to bacterial protein in the rumen, any substance that is 
capable of being converted to ammonia by the rumen bacteria 
can be effectively utilized by the ruminant animal; provided, 
of course, the residual portion of the substance is not 
toxic for the microorganisms or for the animal.
Since a natural protein supplement such as soybean 
meal, linseed meal, cottonseed meal, etc. usually is an ex­
pensive item of a ruminant ration, the feed industry has 
been particularly interested In preparing cheaper protein 
extenders.
About 15 years ago, Millar (lif.9) of the Quaker Oats 
Company treated air-dry sugar beet pulp with anhydrous am­
monia for one hour at temperatures ranging from 60° C. to 
225° C. under pressure and obtained a ''satisfactory" pro­
duct containing 27.5 P©u cent protein equivalent. The un­
treated pulp contained 10 per cent crude protein.
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The ammoniated pulp was offered to dairy cattle daily 
for a period of three weeks, and also to sheep. The sheep 
and the year-old dairy cattle readily ate the 27.5 per cent 
ammoniated pulp, but the sheep refused sugar beet pulp that 
had been ammoniated to contain J4.O per cent protein equiva­
lent .
Since the preliminary evidence indicated svigar beet 
pulp could be readily ammoniated to produce a palatable pro­
duct, additional investigations were made and the process 
for ammoniating sugar beet pulp was patented in 19l|.2 (150).
The following year Ferguson and Neave (68) estimated 
the digestibility and biological value of the nitrogen of 
two samples of ammoniated beet pulp made in Britain. It 
was a critical test for the availability of the nitrogen 
in the ammoniated pulp, for the ration contained only straw 
pulp, starch, and untreated or ammoniated sugar beet pulp. 
The rations were formulated to contain 8 to 9 g. nitrogen 
per day, which was considered to be sufficient for sheep 
for maintenance purposes.
In six digestion trials, the biological values of the 
nitrogen in the untreated pulp (I.36 per cent nitrogen), and 
ammoniated pulp (3.30 per cent nitrogen), and further am­
moniated pulp (If..83 per cent nitrogen) were 78.8 , 72.1}., and 
60.5» respectively. The apparent digestibility of the dry 
matter also decreased with Increased ammoniation of the 
sugar beet pulp--70.S, 57.2 and 32.9 per cent, respectively.
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Furthermore, it was shown that the starch equivalent of the 
3.30 per cent and Ip.83 per cent ammoniated products was re­
duced from 65 per cent in the untreated pulp to 53 an(i 36 
per cent in the treated pulps.
These results indicated that the nutritive value of 
the nitrogen fixed by ammoniation was of significant lower 
nutritive value than the nitrogen of the untreated sugar 
beet pulp and that the nutritive value of the carbohydrate 
fraction was significantly lowered by ammoniation. Further­
more, the nitrogen of the ammoniated pulp was only par­
tially available since apparent dry matter digestibility 
was significantly decreased from 70.8 to 32.9 per cent.
It was concluded, therefore, that "ammoniated sugar 
beet pulp holds little promise as a means of increasing 
the supply of nitrogen in the nutrition of farm animals." 
(68)
These latter results have been presented here in de­
tail to indicate the adverse effect of ammoniation of cer­
tain carbohydrate residues on the availability of the nitro­
gen therefrom for ruminant animals.
Apparently Millar (152) was of the opinion that the 
nitrogen of ammoniated sugar beet pulp was available to the 
ruminant animal, for favorable experiments with 7 calves 
(152) and 100 steers (55) were reported in 19l|i^ -. Two male 
calves, which were given a diet containing 7 per cent crude 
protein and ordinary beet pulp gained less than 0.3 lb. per
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day for 21 weeks. The basal ration consisted of 60 per 
cent dried beet pulp, timothy hay, starch and molasses.
When ordinary beet pulp was replaced with ammoniated pulp 
such that the crude protein content of the ration was 
raised to 17 per cent, the gain in weight for the 2 calves 
averaged 2.0 lb. per day for the next 66 days. In the same 
experiment, another calf was given the basal diet supple­
mented with ammoniated beet pulp so that the ammoniated 
pulp supplied I4.O per cent of the total nitrogen (ration 
containing 12.14. PeI> cent crude protein). This calf gained 
1.62 lb. daily as compared with 1.96 lb. per day for an­
other calf which received the basal diet supplemented with 
soybean meal (ration containing 16.1; per cent crude protein). 
Prom these results, It appeared that the nitrogen in the 
ammoniated sugar beet pulp was available to a considerable 
extent to the microorganisms of the rumen or to the host 
animal.
An experiment with steers was reported by Connell et 
al. (55)• Fleshy 2-year-old steers weighing 900 lbs. were 
fed a fattening ration for 112 days. The basal ration con­
sisted of 5.6 lb. ground snapped corn, Ij. lbs. ground bar­
ley, 8.6 lbs. sugar beet pulp, 5 .^4- lbs. ground oats straw, 
bonemeal, salt and vitamin A oil. The ration contained 
7.7 p©r cent crude protein. A positive control lot contain­
ing ground alfalfa hay in place of the ground oats straw was 
included, and ammoniated beet pulp and ammoniated molasses
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pulp were tested at the expense of untreated beet pulp to 
Increase the crude protein of the ration to 10.1 per cent. 
The average daily gains for the control, and the alfalfa, 
ammoniated beet pulp and ammoniated molasses pulp supple­
mented steers were 2.12, 2.33> 2.26 and 2.36 lb., respec­
tively. These results indicated good utilization of the 
nitrogen of the ammoniated pulps.
In 191+6, Davis jet al. (59) reported the satisfactory 
use of ammoniated citrus pulp for dairy cattle, provided 
that not more than 30 to 1+0 per cent of the total digestible 
nutrients were supplied by this product. Best results were 
obtained when the ammoniated citrus pulp supplied from 15 
to 20 per cent of the crude protein of the ration.
It is not known to what extent ammoniated sugar beet 
pulp, ammoniated molasses pulp, or ammoniated citrus pulp 
have been used in dairy and beef cattle rations during the 
last 15 years, for there appear to be no other reports on 
these products in the literature other than the report by 
Davis et al. (60) and Kirk ejb al. (108, 109) on the 191+5 
to 1952 experiments with ammoniated citrus pulp performed 
at the Florida Agricultural Experiment Station.
On the basis of these preliminary reports by Millar 
(11+9 > 151» 152), Connell et al. (55) > and Davis jet al. (59) 
the Commercial Solvents Corporation in 191+9 prepared a 
number of ammoniated molasses products containing 13.1+ to 
36 per cent protein equivalent, on a pilot-plant basis to
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evaluate their usefulness as protein extenders for ruminant 
animals. Culbertson ej; al. (57» 58) were the first to re­
port the feeding value of ammoniated cane molasses, when 
ammoniated molasses (20 per cent protein equivalent) was 
added to a fattening type steer ration. When the ammoniated 
molasses (1.35 lb. per day) replaced one-half (0.75 lb.) of 
the cottonseed meal, significantly greater gains were ob­
served in the supplemented lot (2.58 lbs. per day) than 
in the control lot (2.28 lbs. per day). However, since the 
steers were already getting 2.3 lbs. of alfalfa hay, 2.i|. 
lbs. chopped legume hay and 0.75 lb. linseed meal per day 
in addition to their daily supply of 16.7 lbs. of shelled 
corn, it is unlikely that nitrogen was a limiting factor 
in the ration even without the ammoniated molasses. No 
data on the nitrogen content of any of the rations was given.
During the same year Knodt ejb aJL. (117) reported, at 
the meeting of the American Society of Animal Production, 
the successful utilization of ammoniated cane molasses 
(13.8 to 19.1+ per cent protein equivalent) by dairy calves 
which were more than 12 weeks of age. The ammoniated 
molasses in these experiments was added at the 10 per cent 
level at the expense of the soybean oil meal and oats. In 
a later more complete report of their work (118) it was 
stated that the protein content of the ration was 11 per 
cent with the added ammoniated molasses. No negative 
control group was included in these tests. Furthermore,
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ammoniated inverted cane molasses, ammoniated hydrol, 
ammoniated condensed distillers' molasses solubles, 
ammoniated citrus solubles, ammoniated citrus pulp and 
ammoniated Masonex (Masonite Corp., Laurel, Miss.) were 
all reported as being palatable and capable of assisting 
in normal growth of 16-week-old Holstein bull calves in 
which 22.14- per cent of the total nitrogen of the ration 
(11 per cent crude protein) was from the ammoniated pro­
ducts (118).
On the basis of this preliminary work with growing 
calves, Magruder ^t al. (132) compared a growing ration 
containing 10 per cent Masonex, an ammoniated by-product 
of hemicellulose, with soybean oil meal as the protein 
supplement. No significant differences were observed in 
the heifers with respect to gain in weight, appetite, or 
digestibility coefficients.
More recently Frye el; al. (71) reported that the 
nitrogen of urea and ammoniated molasses were comparable 
to cottonseed meal when each replaced 30 per cent of the 
nitrogen in the grain supplement for dairy heifers. How­
ever, only one-fourth of the ration was grain supplement, 
essentially three-fourths being corn and soybean silage.
Magruder et- al. (131i 130) have also tested quite a 
number of ammoniated products as nitrogen supplements for 
lactating Holstein cows, and have observed satisfactory 
results. The products tested were included in a 16 per cent
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crude protein ration at the 10 per cent level. Ammoniated 
blackstrap molasses, ammoniated Masonex, ammoniated citrus 
molasses, ammoniated condensed distillers'molasses solubles, 
ammoniated hydrol, and ammoniated Ukiah (redwood) molasses 
(116) were the products tested. However, in the first trial 
(131) the supplemented lots were no different from the con­
trol lot so the results were meaningless. In the latter 
trials, (130) ammoniated Masonex and ammoniated cane mo­
lasses appeared to show some benefit in maintaining milk 
production during a 180-day period.
Sheep have also been used to evaluate ammoniated con­
densed distillers' molasses solubles (ammoniated GDMS) and 
ammoniated cane molasses (200)(201). Rations containing 
these ammoniated products were compared with urea and with 
soybean oil meal on an iso-caloric and iso-nitrogenous basis 
in which the nitrogen supplements tested replaced only about 
17 pei* cent of the total nitrogen of the ration. Even when 
the supplements were added at this low level, the addition 
of the ammoniated products significantly decreased the di­
gestibility of all the ration constituents except crude 
fiber and nitrogen free extract. Furthermore, whereas the 
urea-supplemented and the soybean oil meal-supplemented 
sheep retained 3*^8 and 3*1^ 4- g* nitrogen per day respective­
ly, the ammoniated GDMS-supplemented and the ammoniated cane 
molasses-supplemented sheep retained only 1.66 and 2.03 g. 
nitrogen per day. Tillman and Swift (201) made no comment
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as to the value of the ammoniated products tested, but 
rather left it up to the reader to draw his own conclusions. 
The results, to this reader, appear to indicate that a major 
part of the nitrogen from the ammoniated products was un­
available to the microorganisms.
Studies of the value of ammoniated products for beef 
cattle have yielded most interesting results. In addition 
to the previously cited (£8) favorable results with feeding 
ammoniated molasses, Pope e_t al. (176, 177) reported small 
but significant improvements in the rate of gain for winter­
ing beef cattle and fattening steers when ammoniated cane 
molasses replaced one-half of the cottonseed meal supple­
ment. Since the rations contained the same nitrogen con­
tent, the results were interpreted to indicate that stimu­
latory factors other than the nitrogen present in the am­
moniated molasses were responsible for the Increased gains. 
However, it should be observed that these animals were re­
ceiving a full feed of 12 to lL|. lbs. of rolled milo, 7 to 9 
lbs. sorghum silage, l.llj. lbs. chopped alfalfa hay and 0.75 
lb. cottonseed meal per day, which was not a nitrogen- 
limiting ration. The milo itself contained 10.8 per cent 
protein. With respect to rate of gain, Klosterman et al. 
(115) have shown that the addition of 1 lb. of molasses 
to a steer fattening ration containing 0.75 16. of soybean 
oil meal Is essentially equivalent to a ration containing 
1.5 lbs. soybean oil meal without molasses.
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Tillman e_t sil. (193) and Brown _et al. (31) have re­
ported satisfactory utilization of ammoniated cane molasses 
(15 per cent protein equivalent) and ammoniated GDMS (13 
per cent protein equivalent) when used at the 10 and 20 per 
cent level of the corn-cottonseed meal supplement to re­
place one-fourth and one-half of the cottonseed meal in 
steer fattening rations. Although the lowest gains were 
observed in the ration containing 20 per cent ammoniated 
condensed distillers' molasses solubles (1.28 lbs. per day), 
the difference from the controls (1.54- lbs. per day) (aver­
age of two 56 day feeding trials) was not statistically 
significant (198). The average daily gains for the experi­
ment evaluating ammoniated cane molasses were 1.80 i 0.03 
lbs. per day including the control lot.
Pair to satisfactory results were also obtained by 
McCall and Graham (136, 137) when Furameal (hydrolyzed and 
ammoniated corn cobs and oat hulls, 35 per cent protein 
equivalent) and ammoniated cane molasses (2Lf. per cent pro­
tein equivalent) replaced one-fourth to one-fifth of the 
supplemental protein in a ration for fattening steers.
These experiments were performed to "confirm the value of 
ammoniated products in ruminant feeding" (137)*
This ’bonfirmation" may have been a bit premature for 
Richardson et al. (180) designed a ration for wintering beef 
cattle in which the nitrogen content was limiting. The 
basal ration contained 20 lbs. of Atlas sorgo silage and
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2 lbs. of milo grain. Lot 1 was supplemented with 1 lb. 
cottonseed meal, lot 2 with 0.5 lb. cottonseed meal and 
l.lj.6 lbs. ammoniated cane molasses (15 per cent protein 
equivalent), lot 3 with 0.5 lb. cottonseed meal and 0.7 
lb. ammoniated cane molasses (33 pen cent protein equiva­
lent), and lot ij. with 1.37 lbs. ammoniated cane molasses 
(33 P eI> cent protein equivalent). The rations were formu­
lated on an iso-nitrogenous and iso-caloric basis.
On the eighth day after starting the experiment, it 
was reported that some animals in all lots receiving am­
moniated molasses were "stimulated'1 or affected in a way 
to make them act in a "very crazy manner". They observed 
that an animal would start weaving and winding among and 
around other animals in the lot and then would suddenly 
dash across the lot and into whatever might be in the way. 
Some animals even were observed to smash fences and posts. 
No explanation was given for the peculiar behavior, but the 
blood urea of the affected animals was reported as being 
normal. About one-third of the 30 animals receiving the 
ammoniated molasses were observed to be "crazy". However, 
no animals were reported to have succumbed and the animals 
soon appeared normal again. The ammoniated molasses was 
removed from the animals for one week, but when the cattle 
were again offered the ammoniated molasses rations, they 
again became "stimulated". The average daily gain for the 
first 28-day period for the lots 1 , 2 , 3 » and lj_ were I.8I4.,
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1.11, 0.86, and O.I4.O lbs. per day respectively. During the 
experiment, the amount of ammoniated molasses in each of 
the rations was lowered because of the "stimulations'' and 
the average daily gains for the 112 day period were 1 .69, 
1.18, 1.18 and 1.30 lbs. per day respectively. However, 
when the amount of ammoniated molasses (33 per cent protein 
equivalent) in lot b was reduced to supply only one-fourth 
of the supplementary nitrogen, the average daily gains for 
the last 7 b days was 1.59 lbs. per day, or essentially the 
same as that for the control ration (1 .6)4. lbs. per day).
Barrentine (12) observed similar "stimulations" in 
heifer calves fed ammoniated molasses (15 per cent protein 
equivalent) at the rate of 1.2 and 2 .ip lbs. per heifer per 
day as a supplement to a ration containing 9*0 lbs. Johnson 
grass hay and 3.3 lbs. sorghum silage. No animals were 
lost as a result of "stimulation", but one heifer was 
severely crippled. In a short 28-day feeding trial, 
heifers supplemented with 1.0 lb. cottonseed meal gained 
0.71 lb. per day whereas heifers supplemented with 2 .J4. lbs. 
ammoniated cane molasses lost 0.37 lb. per day.
Another study was made by Barrentine (13) to deter­
mine the value of the nitrogen of ammoniated molasses (33 
per cent protein equivalent) when added to sorghum at the 
time of ensiling. Whereas, the lot of cottonseed meal 
supplemented steers fed untreated sorghum silage gained an 
average of 0.72 lb. per day, the lot fed ammoniated molasses
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treated sorghum silage, containing an equivalent amount of 
nitrogen, lost 0.37 lb. per day. Furthermore, Rusoff et al. 
(l8if.) found that 1.5 to 3*8 lbs. ammoniated molasses per 
100 lbs. body weight per day was required to "stimulate" 
young dairy steers weighing 350 to 500 lbs.
These latter feeding results (180) (12) {13) (I8J4.) sug­
gest that the nitrogen in the ammoniated molasses was, to 
a large extent, not available to the ruminant animal. 
Furthermore, under certain feeding conditions, the ammon­
iated molasses products appeared quite "stimulatory."
Recently, a report by Stallcup (192) revealed that 
urease and rumen microorganisms were not capable of re­
leasing a significant amount of nitrogen from ammoniated 
molasses (15 and 33 per cent protein equivalent) either in 
vitro or in vivo. However it was shown that these products 
contain up to 13 to 15 per cent "free" ammonia as determined 
by the A. 0. A. C. method (192).
Although 13 to 15 per cent of the nitrogen in am­
moniated molasses is "free" and readily available to the 
rumen microorganism, the availability of the remaining 85 
to 87 per cent to the rumen microorganisms has not been 
determined. Some of the feeding tests that have been re­
ported have yielded confusing and misleading results due 
to the incompleteness of the experimental data and the 
design of the experiments. It has recently been stated 
that "a large number of ammoniated industrial by-products
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can be used by the microflora of the rumen for the produc­
tion of amino acids and proteins,11 (116) but a critical 
review of the literature has revealed that no one, to the 
author's knowledge, has reported the utilization of even a 
part of the 85 to 87 per cent "bound" nitrogen in ammoniated 
molasses by rumen microorganisms.
It is evident, therefore, that the availability of the 
85 to 87 pei* cent "bound" nitrogen to the rumen microorgan­
isms needs to be determined before a true evaluation of 
ammoniated molasses as a nitrogeh supplement for ruminants 
can be ascertained.
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EXPERIMENTAL PROCEDURES 
Studies on the utilization of non-protein nitrogen 
by rumen microorganisms were carried out by the in vitro 
technique described by Bentley e_t al. (22). The procedure 
was modified to use 7 oz., 175? nil* wide mouth bottles and 
a 100 ml. fermentation medium instead of the previously 
described 900 ml. fermentation medium, in order to test 
the activity of smaller quantities of factor material. 
Preliminary experiments indicated that similar results 
were obtained with both procedures.
In Vitro Fermentation Procedure
The bottles containing the fermentation medium were 
arranged in a thermostatically controlled water bath (39.0 i 
0.2° C.) and were equipped with two-hole rubber stoppers to 
permit individual gassing with carbon dioxide (Fig. 1). The 
inlet glass tubing extended to the bottom of the flask to 
provide a stirring action and an outlet glass tubing served 
as a vent. At the end of 30 hours incubation, the flask 
contents were made to 100 ml. with water and were thoroughly 
mixed to suspend the cellulose and bacterial particles, 
after which aliquots were immediately taken for analyses.
The basal medium is described in Table 1. Each of 
the ingredients, except the inoculum, was added after which 
the flasks were placed in the water bath and gassed with 
carbon dioxide for at least ,15> minutes while the inoculum
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The In Vitro Rumen Fermentation
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Table 1. Composition of the Basal Medium for the 
In Vitro Rumen Fermentation^
Constituent Grams/100 ml.
2Cellulose 1.00
Glue o s e 0.10
Ur ea 0.168
Na2C0^ 0.318
Na2HP0^ 0.113
NaH2P0^ 0.109
KC1 o.oij.3
NaCl O.Oti-3
MgCO^ 0 .00J4.
CaCl2 0 .001^
Na2S°^ 0.015
FeCl3 *6H20 o.oolflj.
Inoculum - Sharpies suspension from Lf.0 ml. rumen liquor
1
All the minerals except Na SOh and FeCl *6H 0 were 
prepared as a single stock^solution and^stored as such.
2
Solka-Floc i|.OA - Brown Company, Berlin, New Hampshire.
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was being procured.
The inoculum was obtained from a fistulated steer 
maintained on a ration of only good quality alfalfa hay.
In several studies on the availability of the nitrogen in 
ammoniated molasses, the inoculum was obtained from a 
fistulated steer maintained on poor quality timothy hay 
plus 1 lb. ammoniated molasses (33 pei* cent protein 
equivalent) per day.
After straining the rumen contents through four lay­
ers of cheesecloth, the rumen liquor was brought to the 
laboratory and centrifuged in a Sharpies supercentrifuge 
(electrically driven). The sediment, obtained from one 
liter of rumen liquor and collected on a celluloid film 
in the centrifuge cylinder, was suspended in 250 ml. of 
pH 7.0 phosphate buffer composed of 1.059 g. Na^HPO^,
O.I4.36 g. KH^PO^ and 100 mg. cysteine*HCl per liter, with 
the aid of a loose-fitting Potter-Elvehjem homogenizer.
In removing the sediment from the celluloid film, an at­
tempt was made to remove only the bacteria, but a small 
amount of protozoa and plant debris was also included.
Ten ml. of this suspension, equivalent to J4.O ml. whole 
rumen juice, was used to inoculate each flask. The pH of 
the medium was immediately adjusted to 6.9 with a saturated 
solution of sodium carbonate and again every 2 to I), hours 
thereafter during the 30-hour fermentation period. In 
most cases the pH was maintained between 6.7 and 6.9.
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Analytical Methods
Cellulose was determined in the early experiments by 
the gravimetric method of Crampton and Maynard (£6), using 
duplicate, 20 ml. aliquots. During the course of the in­
vestigations, a more rapid volumetric procedure was 
developed and used. The method is described in detail 
later on in the text.
Ammonia was determined on a 20 ml. aliquot by the 
A. 0. A. C. method (10) and ammonia released by urease by 
the same method following a J|5-ffiinute digestion period of 
a 20 ml. aliquot with 200 mg. jackbean -urease.
Protein was estimated by the procedure of Pearson and 
Smith (169) using 10 per cent trichloroacetic acid. The 
increase in trichloroacetic acid precipitatable nitrogen 
during a 30-hour fermentation period is referred to as 
the bacterial protein synthesized.
Valeric acid was determined by chromatography on 
silica gel as described by Moyle (160) and modified by 
Cline (f?!*.) . The modification consisted of a pH 7.2£ 2M. 
phosphate buffer, and applying the sample to the column 
after adsorption on silica gel. The solvent system was 
75> ml. 1 per cent n-butanol-chloroform (v/v) and 75> ml.
J? per cent n-butanol-chlorof orm (v/v).
The volatile fatty acids in the Sharpies supernatant 
were separated by silica gel chromatography according to 
the procedure of Linke (123) and Belasco (19) using a
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benzene-chloroform solvent system.
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RESULTS
Evaluation of .Several Commercial Preparations as Nitrogen 
Sources for Rumen Microorganisms In Vitro
Evaluation of Ammoniated Molasses (If? per cent 
and 33 per cent protein equivalent)
During the studies on factors affecting the utili­
zation of non-protein nitrogen by rumen microorganisms, 
several ammoniated products became of interest commer­
cially which appeared to show promise of competing 
favorably with urea as protein extenders for ruminants. 
In several ruminant feeding trials in which ammoniated 
molasses was tested as a nitrogen source, favorable 
results were reported (£8) (176) (198). However, other
reports (180) (12) indicated an unfavorable "nervous 
stimulation" from the feeding of molatein.
Since the utilization of the nitrogen in urea and 
ammoniated products depends primarily on the utilization 
of the nitrogen by the bacteria, it appeared logical to 
determine the availability of the nitrogen in the am­
moniated products for the rumen microorganisms. The 
in vitro technique of Bentley e_t al. (22) lended itself, 
therefore, most admirably to this study on nitrogen 
availability.
In order to establish criteria for judging avail­
ability, several experiments were performed to determine
the response of the rumen microorganisms to various 
levels of available nitrogen (Table 2). Urea was used 
as the non-protein nitrogen source since it is a 
natural component of ruminant saliva and is readily 
converted to ammonia in the rumen.
Table 2. Protein Synthesis In Vitro as Affected by the 
Concentration of Urea Nitrogen in the Medium
Number Ave. Protein
Explanation of Synthesized
Determinations mg. N/100 ml.
Basal^- k
CM•H
Basal + urea = L(. mg N 2 3.2
Basal + urea = 8 mg N 3 5.8
Basal + urea =16 mg N 3 9.1
Basal + urea =2k mg N 5 13-A4-
Basal + urea =50 mg N l 19.1
1
1 g. cellulose, 0.1 g. glucose, 0.5 g. starch, 
minerals, biotin, PABA, 10 ml. poor hay Sharpies 
suspension and 20 ml. poor hay Sharpies supernatant.
Pig. 2 shows an almost linear response in protein 
synthesis up to 25 mg. nitrogen added per 100 ml. fer­
mentation medium. Table 3 and Fig. 3 show furthermore 
that the per cent cellulose digested is dependent upon 
the nitrogen available and is fairly closely correlated 
with protein synthesis over the range 0 to 50 mg. nitro­
gen added. Thus two criteria were established, namely:
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(l) protein synthesized, and (2) per cent cellulose di­
gested. However, since blackstrap molasses contains a 
high concentration of readily available carbohydrate 
and readily available carbohydrate had previously been 
shown to affect ammonia utilization and cellulose di­
gestion (8), the effect of 0.5 g. starch on protein 
synthesis was determined. The addition of 0.5 g. starch 
per 100 ml. medium almost doubled the amount of protein 
synthesized when sufficient nitrogen was available 
(Table ij.) . It was therefore considered essential to add 
sucrose to the urea control flasks in order to balance 
the carbohydrate content of the medium with that in the 
flasks containing ammoniated molasses (molatein).
Table 3. Protein Synthesis and Cellulose Digestion In 
Vitro as Affected by the Concentration of 
Urea Nitrogen in the Medium
Protein Per Cent
Explanation Synthesized Cellulose
mg N/lOO ml. Digested
Basalt-
H•H 0
Basal + urea 5 mg N 1+.7 k.3
Basal + urea = 10 mg N 7.3 13.lt-
Basal + urea ro mg N li|..8 50.8
Basal + urea 50 mg N 19.1 68.9
1 g. cellulose, 0.1 g. glucose, 0.5 g. starch, minerals, 
biotin, para-amino benzoic acid, 10 ml. Sharpies sus­
pension and 20 ml. Sharpies supernatant.
iI
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Figure 2. Protein Synthesis In Vitro as Affected by 
the Concentration of Urea Nitrogen in the 
Medium
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Table I4.. Effect of Urea and Starch on the Synthesis 
of Bacterial Protein In Vitro
Protein Synthesized 
mg. N/lOO ml. 
Explanation ________________________
Wo Starch 0.5 g. starch
Basal'*' -0.5 (2)3 0.. 82 (5)
Basal + urea == 76.6 mg. W 7.2 (5) 16.. 5 (2 )
1.0 g. cellulose, 0.1 g. glucose, minerals, 10 ml. 
Sharpies suspension from alfalfa hay fed steer and 
10 ml. Sharpies supernatant.
p
Inoculum from the poor hay fed steer.
^The number of determinations.
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Table 5 shows the analysis of 15 per cent and 
33 per cent molatein for ammonia, TCA insoluble and 
total nitrogen. It was observed that the 15 per cent 
and 33 per cent crude protein products were found by 
Kjeldahl analysis to contain only 12.78 per cent and 
27*58 per cent crude protein on an "as received” basis. 
About 11+ per cent of the nitrogen was determined as 
ammonia, 11 per cent as TCA insoluble nitrogen, and 
75 per cent as undetermined TCA soluble nitrogen.
Table 5* Ammonia, Trichloroacetic Acid Precipitatable, 
and Total Nitrogen in 15 and 33 Per Cent 
Molatein
Explanation
Mg. Nitrogen per Gram Molatein
15 p er c ent 
Molatein
33 P © r  cent 
Molatein
Ammonia nitrogen 3.50 6.92
TCA nitrogen'*' 2.30 1 • 68
Other nitrogen ill. 65 35.50
Total nitrogen 20.1+5 1+1+.10
Protein equivalent 12.78 pet. 27.56 pet
■^Trichloroacetic acid pr ecipitatable nitrogen
The results in Table 6 indicate that high levels 
of 33 per cent molatein contain sufficient ammonia nitro­
gen to support good cellulose digestion and urea nitrogen 
utilization. It was also observed that the protein
Table 6, Utilization of Urea and Molatein (33 Per Cent Protein Equivalent) Nitrogen
for Bacterial Protein Synthesis and Cellulose Digestion Considering the
Carbohydrates of Molatein as Available
Additions to the 
Basal Mediuml
Nitrogen
Added2
Ammonia
Available2
Protein
Syn.2
Per Cent
Cellulose
Digested
None
17.1 mg urea
51.2 mg urea 
8 5 4  nig urea 
171 mg urea 
3l|2 mg urea
+ 58 mg sucrose 
+ 1714- mg sucrose 
+ 290 mg sucrose 
+ 580 mg sucrose 
+1160 mg sucrose
1714- mg
521 mg 
868 mg 
17U-0 mg 
3I1.8O mg
molatein
molatein
molatein
molatein
molatein
0 2.5 3.5 8.0
7.8 10.3 6.5 33.0
2 3 4 25.9 13.0 39.3
39.0 hi.5 12.2 il-0.9
77.9 8 0 4 15.8 31.3
155.8 158.3 12.5 1.2
7.7 3.7 3.0 19.3
23.0 6.1 5.1 21.6
38.3 8.5 7.6 35.2
76.7 4.5 10.3 47.8
153.5 26.6 1 2 4 50.0
4.0 g. cellulose, 0.1 g. glucose, minerals, 10 ml. Sharpies suspension (from 
alfalfa hay fed steer) and 10 ml. Sharpies supernatant.
2
mg. nitrogen per 100 ml. medium
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synthesized with, molatein as the nitrogen source was 
not greater than the ammonia nitrogen available in the 
medium. For example, 521 mg. molatein contained, by 
analysis, 3.6 mg. ammonia nitrogen, whereas 2.5 mg. am­
monia nitrogen was contained in the inoculum (10 ml. 
suspension and 10 ml. Sharpies supernatant), making a 
total of 6.1 mg. ammonia nitrogen available in the 
flask. The amount of protein synthesized was only 5»1 
mg. In contrast, 13.0 mg. protein nitrogen was formed 
in the control flask in which the total amount of nitro­
gen added was the same as in the previous flask but in 
which urea was the nitrogen source.
The increased rate of cellulose digestion obtained 
with increasingly hig^L levels of molatein suggests that 
at least part of the carbohydrate is unavailable to the 
microorganisms, for high levels of sucrose with urea 
depressed cellulose digestion (Table 6) as previously 
observed by Arias ejfc al. (8).
Molatein Cl5 per cent) Is ammoniated only to the 
extent of about one-half that of 33 pe** cent molatein, 
which would indicate that about one-half of the car­
bohydrate would not be ammoniated.
The results in Table 7 with 15 per cent molatein 
substantiate the data with 33 per cent molatein that 
only the free ammonia nitrogen in molatein is utilized 
by the rumen bacteria. Furthermore, 15 per cent molatein
Table 7. Utilization of Urea and Molatein (15 Per Gent Protein Equivalent) Nitrogen
for Bacterial Protein Synthesis and Cellulose Digestion Considering the
Carbohydrates of Molatein as Available
Additions to the 
Basal Medium^
Nitrogen
Added^
Ammonia
Available^
Protein 
Syn. 2
Per Cent
Cellulose
Digested
None 0 2.5 3.5 8.0
17.1 mg urea + 122 mg sucrose 7.8 10.3 7.0 1*0.9
51.2 mg urea + 366 mg sucrose 2 3 4 25.9 11.8 1*7.8
85.1]- mg urea + 610 mg sucrose 39.0 ki.5 12.8 23.8
171 mg urea +1220 mg sucrose 77.9 80. t 11.8 6.3
3i*2 mg urea +21*1*0 mg sucrose 155.8 158.3 9.8 8.6
367 mg molatein 7.5 3.8 3.9 20.1*
1102 mg molatein 22.5 6.1]. 1*.2 20.1*
1835 mg molatein 37.5 8.9 6.5 13.6
3670 mg molatein 75.1 15.3 9.3 9.1
7350 mg molatein 150.3 28.2 13.1 11.1*
H.O g. cellulose, 0.1 g. glucose, minerals, 10 ml. Sharpies suspension (from alfalfa 
hay fed steer) and 10 ml. Sharpies supernatant.
p
mg. nitrogen per 100 ml. medium
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contained more available carbohydrate (sugar) than 33 per 
cent molatein since cellulose digestion was depressed 
by the high levels of 15 per cent molatein.
Additional starch was added to flasks containing 
molatein (15 per cent or 33 per cent) to try to increase 
protein synthesis, but only a slight increase occurred 
with 33 per cent molatein (9-3 to 11.8 mg. nitrogen per 
100 ml.) (Table Q). However, cellulose digestion was 
depressed by the addition of starch.
When urea was added, however, protein synthesis 
was increased in flasks containing 15 per cent molatein, 
but not increased in a flask containing 33 per cent 
molatein, which further suggests that the carbohydrate 
in 33 per cent molatein was the limiting factor for 
protein synthesis in this experiment.
Another experiment (Table 9) provides additional 
evidence that only the free ammonia in ammoniated 
molasses is utilized by the rumen microorganisms, for 
the addition of sucrose did not increase protein syn­
thesis.
Since the results obtained above indicated that 
only the free ammonia in molatein (15 per cent and 33 
per cent protein equivalent) was available to the rumen 
microorganisms, but certain long term feeding trials 
(58) (176) had suggested that probably most of the
nitrogen in molatein was available, it seemed advisable
Table 8. Effect of Urea Nitrogen and Starch on the Utilization of the Nitrogen of 
Molatein for Bacterial Protein Synthesis and Cellulose Digestion
Additions to the 
Basal Mediuml
No.
Expts.
Nitrogen
Added2
Protein
Syn.2
Per Cent
Cellulose
Digested
168 mg urea 76.6 7.8 50.2
168 mg urea + 1250 mg molasses 2 76.6 15.7 kk.o
168 mg urea + 550 mg starch 2 76.6 16.5 39.6
1.8 g. molatein (33 per cent) 2 79.k 9.3 k6.k
1.8 g. molatein (33 pci* cent) + 550 mg
starch 1 79.k 11.8 13.6
1.8 g. molatein (33 per cent) + 3i4- mg
urea 1 9k. 7 10.8 56.2
8k mg urea + 550 mg starch 1 38.3 13.6 17.7
1.8 g. molatein (15 per cent) 2 36.8 3.k 0
1.8 g. molatein (15 per cent) + 550 mg
starch 1 36.8 3.9 0
1.8 g. molatein (15 per cent) + 3k mg
urea 2 52.1 11.9 28.0
1.8 g. molatein (15 per cent) + 16 8 mg
urea 1 113.k 11.2 k3.2
H.O g, cellulose, 0.1 g. glucose, minerals, 10 ml. Sharpies suspension (from 
alfalfa hay fed steer) and 10 ml. Sharpies supernatant.
2
mg. nitrogen per 100 ml. medium.
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Table 9. Effect of Sucrose on the Utilization of the Nitrogen in Molatein 
(33 Per Cent Protein Equivalent)
Additions to the 
Basal Mediuml
Nitrogen
Added2
Ammonia
Available^
Protein
Syn.2
Per Cent
Cellulose
Digested
168 mg urea 76.6 79.1 9.3 55.7
17l| mg molatein 7.8 3.7 1.6 lip.8
868 mg molatein 38.9 8.5 5.5 3ll.l
3I4.80 mg molatein 155.8 26.5 10.7' 70.6
17li- mg molatein + 58 mg sucrose 7.8 3.7 2.k 13.7
868 mg molatein + 290 mg sucrose 38.9 8.5 5.1 15.9
3l].80 mg molatein + 1160 mg sucrose 155.8 26.5 11.2 12.5
1.0 g. cellulose, 0.1 g. glucose, minerals, 10 ml. Sharpies suspension (from 
alfalfa hay fed steer) and 10 ml. Sharpies supernatant.
p
Tig. nitrogen per 100 ml. medium.
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to feed molatein to a fistulated steer for an extended 
period to determine whether or not the rumen micro­
organisms could adapt to the ammoniated products to 
utilize more of the nitrogen than that determined as 
fr e e ammoni a .
One pound molatein (33 per cent protein equivalent) 
was fed daily to a fistulated steer for 123 days. The 
only other feed the steer obtained during the period was 
poor quality timothy hay. The steer relished the mola­
tein and no "nervous stimulatory" symptoms were observed 
at any time during the period.
A sample of rumen contents was taken three days 
before the start of the molatein feeding period to de­
termine the basal activity of the "poor hay" rumen 
microorganisms to urea and to molatein in vitro. Starch 
(0.5 g.) was added to all the flasks to obtain maximum 
protein synthesis from the available nitrogen. Lower 
levels of nitrogen were used in these experiments to 
provide a more critical test on the availability of the 
nitrogen in molatein. The results of the basal test, 
Table 10, indicated again that only the ammonia in the 
molatein was available.
After the rumen bacteria in the fistulated steer 
had 15 days, 23 days and 123 days to become accustomed 
to using the nitrogen in 33 per cent molatein, samples 
of rumen contents were again taken and tested for their
Table 10. Utilization of Urea and Molatein (33 Per Cent Protein Equivalent) Nitrogen
for Bacterial Protein Synthesis and Cellulose Digestion 3 Days Before and
15, 23» and 123 Days After Feeding Molatein to a Steer.
Milligrams Nitrogen Per 100 ml.
Per Cent
Additions to the ________Protein Synthesized_______ Cellulose
Basal Medium^ Nitrogen Ammonia 3 Days 15 Days 23 Days 123 Days Digested
Added Available Before After After After Ave'
None 0 0.9 1.5 -1.0 O.lp 1.1 0.5
8.8 mg urea k i«9 3.5 4 5 2.9 ^•7? 2.1
17.5 mg urea 8 8.9 6.0 9.5 4 9 7.3^ 7.7
35.1 mg urea 16 16.9 11.0 12.0 9 4 20.9
52.6 mg urea 2lp 2I+.9 16.0 ill. 5 11.9 lip. 8* 3 94
91 mg molatein k 1.5 2.5 2.5 l.ip 2 a p 0l8l mg molatein 8 2.1 2.0 2.0 l.ll 2.52 0
363 mg molatein 16 3 4 lp.0 3.5 1.9 0
5 4  mg molatein 21+ lp.6 iJ-4 5.5 2 4 4 1 0
■^ 1.0 g. cellulose, 0.1 g. glucose, 0.5 g. starch, minerals, 10 ml. Sharpies 
suspension (from poor hay, molatein-fed steer) and 20 ml. Sharpies supernatant.
2
5.9, 10.9, 25.9, 1.7> 2.5 and Ip.8 mg. ammonia nitrogen available, respectively.
ability in vitro to utilize the nitrogen in 33 per cent 
molatein. The results are presented in Table 10.
Briefly stated, the rumen bacteria could utilize only 
the ammonia in molatein, even after an adaption period 
of 123 days.
The in vitro experiment l£ days after starting 
the feeding of molatein suggested that slightly more 
nitrogen than the free ammonia was utilized by the 
bacteria. Whether this is real or experimental error 
would have to be determined by additional exacting ex­
periments .
Evaluation of MO-11
In the production of mono-sodium glutamate (Accent) 
for human use, a by-product (MC-11) is obtained that has 
nearly the same protein equivalent as soybean oil meal. 
The by-product is a hydrolysate of wheat protein that 
is currently being dumped into a stream. The object of 
the following experiments was to determine the availa­
bility of the nitrogen for rumen microorganisms by ap­
propriate in vitro tests and by steer fattening experi­
ments in the feed lot.
The protein equivalent of MC-11 as determined by 
Kjeldahl analysis was 11-8.3 per cent (Table 11) .
One in* vitro experiment was run to compare the
availability of the nitrogen in MC-11 with the nitrogen 
in ‘urea (Table 12) .
76.
Table 11. Analysis of MC-11 for Ammonia, Trichloro­
acetic Acid Precipitatable and Total 
Nitrogen
Explanation
mg. Nitrogen per 
g. MC-11
Ammonia nitrogen 2.1^
TCA nitrogen^- o.oo5
Other nitrogen 5.57
Total nitrogen 7.73
Protein Equivalent Ij.8.31 per cent
Trichloroacetic acid precipitatable nitrogen.
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Table 12. Utilization of the Nitrogen of Urea and MC-11 
(Wheat Hydrolysate) by Rumen Microorganisms 
In Vitro
Additions to the 
Basal Medium
Nitrogen
Added2
Ammonia 
Available2
Protein
Syn.2
Per Cent
Cellulose
Digested
None 0 2.7 -1.3 0
12 mg urea $-k 8.1 1.8 1.6
2 I4. mg urea 10.9 13.6 3.2 0
36 mg urea 16.3 19.0 2.7 2.3
1^.8 mg urea 21.9 2I4..6 5.0 lp.2
72 mg urea 32.8 35.1+ 1+.2 3.8
119 mg urea 51J-.7 57.3 1.4 0
202 mg urea 92.1 9i}..8 5.0 0.9
75 mg MC-11 5.8 4.3 Ip. 0 k- 2
150 mg MC-11 11.6 5.9 5.0 2.7
300 mg MC-11 23.2 9.1 8.2 10.5
k$l mg MC-11 3^.8 12.3 9.7 10.7
751 mg MC-11 58.0 18.8 12. Ij. 11.6
1277 mg MC-11 98.7 30.2 13.8 13.9
1,0 g. cellulose, 0.5 g. starch, minerals, 8.3 ml. 
Sharpies suspension (from alfalfa hay fed steer) and 
11 ml. Sharpies supernatant per 100 ml. medium.
mg. nitrogen per 100 ml. medium.
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A low rate of cellulose digestion was obtained 
in all the flasks. Such results were observed at var­
ious periods throughout the course of these studies, and 
are unexplainable at the present time. The synthesis of 
protein from urea nitrogen was also atypical in this ex­
periment, but the synthesis of protein from MG-11 nitro­
gen was good. The reason for this better response is 
not known at the present, but the presence of an abun­
dance of amino acids in MC-11 suggests that certain 
amino acids may exert a favorable influence on protein 
synthesis and cellulose digestion in vitro. An alalysis 
of MC-11 indicated the presence of the following amino 
acids, in per cent: arginine 1.9, aspartic acid 1.1,
glutamic acid 3.2, isoleucine 1.6, leucine 1.0, lysine 
0.8, methionine 0.3, phenylalanine proline ancl
valine 2 .1±.
MC-11 was compared with soybean oil meal as the 
protein supplement for steers in the feed lot in a ra­
tion in which corn and cob meal was the principal con­
stituent .
The results of the feeding test are shown in 
Table 13• During the first 98 day feeding period, the 
steers supplemented with 1.5 lbs. soybean oil meal gained
1.91 lbs. per day compared with 1.26 lbs. per day for the
steers supplemented with 1.5 lbs. MC-11 per day. Howeverj
when only 0.75 lb. MC-11 per head per day was fed plus
Table 13. Value of MC-11 as a Protein Supplement for Fattening Cattle1
Explanation
Period I 
Nov. 19 to Feb. 25
Period II 
Feb. 25 to June 3
Ave. 
196 Days
Lot 3 Lot ij. Lot 3 Lot 8
MC-11 Soybean Oil Meal
MC-11+
Molasses
Soybean 
Oil Meal + 
Molasses
Soybean 
MC-11 oil 
Meal
Number steers in lot 7 7 7 7 7 7
Ave. Initial weight, lb. 14-62.0 459.0 586.0 660.0 462 473
Ave. final weight, lb. 586.0 61).6.0 854.0 906.0 851}- 906
Ave. daily gain, lb. 1.26 lo91 2.73 2.52 2.00 2.21
Ave. daily ration, lb.:
Corn and cob meal 8.0 8.0 15.8 16.3
MC-11 1.5 0.75
Soybean oil meal 1.5 0.75
Molasses 1.0 1.0
Hay 3.1 3.1 2.0 2.0
Minerals, oz. 1.2 1.6 1.2 1.2
Salt, oz. 0.9 1.2 2.1 1 4
^Each period was 98 days.
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1.0 lb. molasses dally, the steers gained an average of 
2.73 lbs. per day for the next 98 days. The average 
daily gain with MC-11 as the nitrogen supplement for 
196 days was 2.0 lbs. per day--a good rate of gain 
that indicated good utilization of the nitrogen in 
MC-11. These preliminary feeding results therefore 
essentially confirmed the in vitro results that the 
nitrogen in MC-11 is largely available to the rumen 
microorganisms and therefore to the ruminant animal.
Evaluation of Crude and “pure" Biuret
Table 111 shows a wide difference in the analysis 
of crude and "pure" biuret. Evidently the crude biuret 
contained about 60 per cent urea for 60 per cent of the 
nitrogen of crude biuret was released by urease, whereas 
only 2.9 per cent of the nitrogen of "pure” biuret was 
released by urease. The results in Tables 15> and 16 
reflect the amounts of nitrogen released by urease. 
Satisfactory rates of cellulose digestion and protein 
synthesis were obtained with crude biuret, but no 
cellulose digestion and only a small amount of protein 
was synthesized using ,fpureM biuret. The nitrogen of 
"pure" biuret is, therefore, unavailable to rumen micro­
organisms .
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Table II4.. Analysis of Biuret for Free Ammonia, Nitrogen 
Released by Urease, and Total Nitrogen
mg. Nitrogen per Gram
Explanation ------------------------
Biuret "Pure" Biuret
Ammonia nitrogen 9.8 —
Nitrogen released by urease 258.1 11. k
Nitrogen not released by urease 166.8 385.5
Total nitrogen 396.9
Per Gent nitrogen 1+3.1+7 39.69
Table 15 Utilization of the Niti*ogen of Crude 
Protein Synthesis and Cellulose Dige 
Rumen Microorganisms In Vitro
Biuret for 
stion by
Additions to the 
Basal Medium-
Nitrogen Protein
P er C ent 
Cellulose
Added^ Synthesized^ Digested
16.8 mg urea 7.7 6.7 15.9
50. Zj. mg urea 23.1 9.9 k3.2
3k.0 mg urea 38.5 11.3 60.2
l68 mg urea 76.9 12.0 60.2
18.0 mg biuret 7.8 k .8 12.5
5^. 0 mg biuret 23.5 8.5 30.7
90.0 mg biuret 39.1 10.8 53-1+
l80 mg biuret 7 8.2 10.8 59.1
1.0 g. cellulose, 0.1 g. glucose, 0 *$ g. starch., minerals, 
10 ml. Sharpies suspension (from alfalfa hay fed steer) 
and 10 ml. Sharpies supernatant.
mg. nitrogen per 100 ml. medium.
Table 16. Utilization of tbe Nitrogen of "Pure"
Biuret by Rumen Microorganisms In Vitro
Additions to the 
Basal Mediunr1-
Nitrogen
Added^
Ammonia
Available^
Protein
Syn.2
Per Cent
Cellulose
Digested
None 0 0.9 1.1 0
11.0 mg urea 5 5.9 4.7 4.3
21.9 mg urea 10 10.9 7.3 13.4
54.Q mg urea 25 25.9 14.8 50.8
109.6 mg urea 5o 50.9 19.1 68.9
H . 5 mg biuret 4.6 1.0 1.3 0
23.0 mg biuret 9.1 1.2 1.6 0
llij-. 9 mg biuret 45.6 2.2 2.3 0
1.0 g. cellulose, 0.1 g. glucose, 0.5 g. starch, minerals, 
10 ml. Sharpies suspension (from poor hay steer) and 
20 ml. Sharpies supernatant.
mg. nitrogen per 100 ml. medium.
Studies on Factors That Stimulate Urea Utilization and
Cellulose Digestion In Vitro
The first report from the Ohio Experiment Station 
on the cellulolytic factor activity for rumen microorgan­
isms indicated that autoclaved Sharpies supernatant of 
rumen juice contained the cellulolytic factor(s) (29).
The author now wishes to report further experiments that 
confirm the initial observations (Table 17) and provide 
evidence to show that rumen juice supernatant contains 
factors that stimulate bacterial protein synthesis as well. 
The Sharpies supernatant stimulated protein synthesis 
i).-fold in one series of experiments and 3-fold in another 
series (Table 18).
Since protein synthesis and cellulose digestion ap­
peared to be related as criteria for measuring growth 
factor activity for rumen microorganisms in vitro,
(Figure 3) it was thought that the factors affecting 
cellulose digestion were also the factors affecting pro­
tein synthesis. On the basis of this assumption, cellu­
lose digestion was used as the criterion of factor activity 
and consequently, the unidentifled stimulatory factors were 
described as "cellulolytic" factors. These "cellulolytic 
factors" were further investigated during the years 19^1i 
and 195>5> and the results on the isolation and tentative 
identification of these factors will be reported herein. A 
preliminary report of part of this work was presented in a
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Table 17. The Effect of th.e Sharpies Supernatant on
Cellulose Digestion by Rumen Microorganisms 
In Vitrol
Per Cent Cellulose Digested
Period
No. 
Expts. Basal
Basal + 
Supernatant
3-30-5*1- to 6-2-5*4- 10 ♦
0H
53.0
6-17-5*4- to 9-l*4--5*+ 25 18.5 58.2
10-18-514. to *4.-6-55 6 3.0 *1-6 .*4.
^"Basal = 1.0 g. cellulose, 0, 
minerals, biotin, PABA, and
,1 g. glucose, 0.168 g. urea, 
10 ml. Sharpies suspension.
Table 18. The Effect of the 
Protein Synthesis 
In Vitrol
Sharpies Supernatant on 
by Rumen Microorganisms
Prot. Syn. - mg. N/lOO ml.
Period
No. 
Expts. Basal
Basal + 
Supernatant
3-30-5*4- to 6-2-51+ *+ 1.82 7.82
6-17-51+ to 9-l*i--5*+ 25 - -
10-18-5*4- to 1+-6-55 6 *}..0 12.1+
^"Basal = 1.0 g. cellulose, 0.1 g. glucose, 0.168 g. urea 
minerals, biotin, PABA and 10 ml. Sharpies suspension.
2
No biotin or PABA added to the flask.
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letter to the editor of the Journal of the American Chemi­
cal Society (25) and at a talk before the forty-sixth an­
nual meeting of the Society of Animal Production (26).
Unidentified Factors in Natural Materials
Several natural products were initially tested to 
confirm the prior experiments by Bentley e_t al.. (22) that 
these products contained cellulolytic factor activity.
Dried distillers' solubles, fish solubles and fish meal 
were again found to be potent sources of factor material, 
whereas dried skim milk, dried whey, dried whey with fer­
mentation solubles and alfalfa leaf meal contained rela­
tively less factor activity (Tables 19 and 20). Table 20 
also shows that MC-J4.7 (sugar beet hydrolysate), blackstrap 
molasses, and ammoniated blackstrap molasses also contain 
cellulolytic factor activity. These natural products were 
tested to determine the distribution of the cellulolytic 
stimulatory material. The results indicated factor contain­
ing materials were widely distributed in nature.
In addition to the natural materials tested, a number 
of preparations were obtained from a commercial laboratory 
that contained piotent growth factor activity for Strepto­
coccus feacalis. The preparations were residues from the 
production of streptomycin. Most of the antibiotic acti­
vity was removed from No. 587, but Nos. 520 and 581+ still 
contained some streptomycin. The results (Table 21) Indi-
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Table 19. The Cellulolytic Factor Activity of a Number 
of Natural Materials
Additions to the 
Basal Mediuirr-
Per Gent Cellulose Digested
3-30-51+ k-22-$k
None 33. k 6.8
10 ml supernatant 72.9 58.2
200 mg DDS2 60.2
B-j^  = 200 mg DDS 21)-.3
= &00 mg DDS 17.8
100 mg DSM3 17.8
500 mg DSM 21)..2
100 mg DW^ 18.9
500 mg DW 32.8
100 mg DWFS^ 20.6
500 mg DWFS 1+3-7
100 mg ALM6 16.1+
500 mg ALM 31.3
■^ 1.0 g. cellulose, 0.1 g. glucose, 0.168 g. urea, minerals, 
and 10 ml. Sharpies suspension (from alfalfa hay fed steei)
2Dried distillers’ solubles
-^Dried skim milk
^Dried whey 
t.
-"Dried whey with fermentation solubles 
^Alfalfa leaf meal
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Table 20. The Cellulolytic Factor Activity of* a Number 
of Natural and Prepared Products
Additions to the 
Basal Medium-*-
Per Cent
l].-28-5^
Cellulose Digested
5-lj.-5l|.
None 10.5 15.7
10 ml supernatant 59.8 65.3
100 mg fish solubles J4.I.2
500 mg fish solubles 61+.0
100 mg fish meal 31.9
500 mg fish meal 5^.2
50 mg MC-i+7^ 15.0
200 mg MC-I4.7 30.1
50 mg BM^ 16.7
200 mg BM 32.J+
50 mg molatein (15 per cent) 19.7
200 mg molatein (15 per cent) 29.9
50 mg molatein (33 per cent) 17.7
200 mg molatein (33 per cent) 23.2
1.0 g. cellulose, 0.1 g. glucose, 0.168 g. urea, minerals, 
and 10 ml. Sharpies suspension (from alfalfa hay fed steer)
2
Sugar beet hydrolysate after the removal of glutamic acid
■3
-^Blackstrap molasses
Table 21. The Cellulolytic Factor Activity of a Number 
of Preparations that Show Growth Factor Ac­
tivity for Streptococcus faecalis
Additions to the 
Basal Mediuml Per Cent Cellulose Digested
None 10.5
10 ml supernatant 59.8
£0 mg SF2 No. 520 26.k
200 mg SF No. 520 19.2
50 mg SF No. 581|. 37.6
200 mg SF No. 581+ 2.7
50 mg SF No. 587 33.8
200 mg SF No. 587 62.2
1.0 g. cellulose, 0.1 g. glucose, 0.168 g. urea, minerals, 
and 10 ml. Sharpies suspension (from alfalfa hay fed steer)
Streptococcus faecalis factor
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cated some factor activity in all the preparations, but 
sufficient antibiotic was present in Nos. $20 and $81}. that 
inhibition was obtained at the higher (200 mg) levels.
Since Burroughs £t al_. (!}.$, i+7) and Ruf (182) ob­
served that protein-rich feeds stimulate cellulose diges­
tion in vitro, it was decided to test casein hydrolysate 
for factor activity (Table 22). Both acid hydrolyzed 
casein and enzymatic casein hydrolysate increased cellu­
lose digestion but the latter appeared to be more effec­
tive. Furthermore, the cellulose digestion obtained with 
200 mg. enzymatic casein hydrolysate suggested that high 
levels of amino acids may adversely affect cellulose di­
gestion.
Although a combination of biotin and PABA had pre­
viously (22) been shown to stimulate cellulose digestion 
in vitro, no stimulation was obtained in this experiment 
when the two vitamins were added alone, but a stimulation 
was observed when these vitamins were added to a flask sup­
plemented with 10 mg. glucosamine. Because of the stimu­
lation obtained with the combination of biotin, PABA and 
glucosamine, and- the fact that biotin and PABA had pre­
viously been shown to stimulate cellulose digestion, it 
was decided to add 20 1 biotin and $0 V PABA to each flask 
hereafter, in order to assay for additional factors that 
stimulate cellulose digestion.
Table 22. The Cellulolytic Factor Activity 
PABA, Glucosamine and Casein Hydr
of Biotin, 
olysates
Additions to the Per Cent Cellulose Digested
Basal Medium1 3-30-51*. 5-10-54
None 33.1+ 4-3
10 ml supernatant 72.9 34-0
50H PABA + 5 0 *  biotin 19.3
PABA + biotin + glucosamine^ 45.2
2.5 nig glucosamine 21.8
10 mg glucosamine 27.8
AHg3 = 100 mg casein 12.7
AHC = 200 mg casein 26.2
ECh 4 = 100 mg casein 40.9
ECH = 200 mg casein 32.6
ECH to dryness, abs. EtOH sol 14*8
ECH to dryness, abs. EtOH insol 16.5
1.0 g. cellulose, 0.1 g. glucose, 0.168 g. urea, minerals, 
and 10 ml. Sharpies suspension (from alfalfa hay fed steer)
5^>0 JT PABA + ^0 / biotin + 10 mg. glucosamine
^Acid hydrolyzed casein
^Enzymatic casein hydrolysate
A  R&pld Volumetric Method for the Determination of Furified 
Cellulose
Because the time required to determine (gravi- 
metrically) the cellulose remaining in the fermentation 
flask after 30 hours limited the number of factor mater­
ials that could be tested, it appeared advisable to in­
vestigate the development of a more rapid method to ex­
pedite the cellulose determinations.
The loss in weight of cotton threads (96) or parch­
ment paper strips (95>) has been used to measure the rate 
of cellulose digestion, while Huhtanen et Jil. (102) used 
an anthrone sugar method. Cotton threads or parchment 
paper strips were not suitable substrates for the in vitro 
fermentation used in this laboratory, for they required 
special handling and weighing. Since the anthrone sugar 
method was too lengthy, several preliminary observations 
were made with a volumetric method using one ml. hematocrit 
tubes. Various concentrations of cellulose suspended in 
water were placed in hematocrit tubes and centrifuged. A 
graded level in packed cellulose volume resulted, and the 
method appeared promising.
In developing the volumetric method, the following 
assumptions were made:
(1) The purified wood cellulose was homogenous
(2) The centrifuged volume of cellulose was directly
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proportional to the weight of cellulose therein
(3) The fermentation period would not alter the 
packing characteristics of the purified wood 
cellulose
The rapid cellulose method was developed in the 
manner described below and its reproducibility was com­
pared with the reproducibility of the Crampton-Maynard 
gravimetric method (56) as modified and used in this lab­
oratory.
Ten to one hundred milligrams of purified wood cellu­
lose (Solka-Floc 1|.0A, Brown Company, Berlin, New Hampshire) 
were weighed into graduated 10 ml. Kolmer centrifuge tubes 
which were specially calibrated from 0 to 1.0 ml. in one- 
tenth ml. subdivisions. (Cat. No. 5-510, Fisher Scienti­
fic Co., Pittsburg, Pa.) The cellulose was suspended in 
10 ml. water, centrifuged, and the supernatant decanted.
To each tube was added 6.5 ml. glacial acetic acid and 1.5 
ml. concentrated nitric acid. The cellulose was suspended 
by stirring with a glass rod and the tubes were placed in 
a boiling water bath for 20 minutes, during which time the 
cellulose was resuspended. After cooling, the tubes were 
centrifuged for 10 minutes at 1,000 r.p.m. in a size 2 In­
ternational Centrifuge using a 12 place, 7 inch, horizontal 
head. The top of the packed cellulose was gently leveled 
with a stirring rod, after which the tubes were recentrifug­
ed for 5 minutes at 1,000 r.p.m. The volume of cellulose
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In the tube was read (reading = ml. x 100) estimating to 
the nearest hundredths. To establish a reading-response 
curve, six determinations at each of ten levels, ranging 
from 10 to 100 mg. cellulose, were made according to the 
above procedure.
To compare the variability of the described volu­
metric method with the Crampton and Maynard (56) gravi­
metric method used in this laboratory, 6 cellulose deter­
minations at each of 8 levels (20 to 200 mgs.) were made 
according to the following procedure:
Solka Floe 1|.0-A was weighed into 50 ml. glass centri­
fuge tubes. The cellulose was suspended in water, centri­
fuged, and the supernatant decanted. The cellulose was 
resuspended in 12.5 ml* glacial acetic acid and 2.5 ml. of 
concentrated nitric acid and digested in a boiling water 
bath for 20 minutes, during which time the cellulose was 
again resuspended. The cellulose was transferred to a 
Gooch crucible, washed successively with hot alcohol, ben­
zene, alcohol, and ether, dried, weighed, ashed and re­
weighed.
The amount of cellulose In 38 in vitro rumen fermen­
tation flasks, following a 30-hour incubation period, was 
estimated by both the proposed volumetric method and the 
modified Crampton-Maynard gravimetric method described in 
the preceding paragraphs to determine whether the two me­
thods gave comparable estimates of the residual cellulose.
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One g. of air-dry cellulose was routinely added to 
each 100 ml. fermentation flask as the primary carbon sub­
strate. Per cent cellulose digestion was calculated on 
the basis of the amount of cellulose disappearing in a 
given time. Therefore, if no cellulose were digested, a 
10 ml. aliquot would contain 100 mg. of cellulose, whereas 
if 60 per cent cellulose were digested, a 10 ml. aliquot 
would contain Lj.0 mg. of cellulose.
Figure 1|. shows a linear relationship between the 
packed cellulose volume measured in the specially cali­
brated centrifuge tubes and weighed amounts of cellulose 
over a 20 to 90 mg. range. Each point represents an av­
erage of six determinations. Using this standard curve, 
the individual readings were converted to per cent cellu­
lose digestion as follows:
Per cent cellulose digestion = t^-A.r.9, 
where I4.6.9 is the calculated reading for 100 mg. of cellu­
lose and 0.i|lj.l is the slope of the standard curve.
The standard deviation of the mean at a given cellu­
lose level in terms of per cent cellulose digestion by 
this volumetric method for I4.8 determinations was 1.60 with 
a coefficient of variation of per cent.
The amount of cellulose recovered by the gravimetric 
method over a range of 0.0 to 200 mg. of added cellulose is 
shown in Figure 5>. Each point represents an average of six 
determinations. This range was chosen since a 20 ml. all-
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i
quot of the in vitro fermentation medium was routinely 
taken for analysis by the gravimetric method. The standard 
deviation of the mean at a given cellulose level in terms 
of per cent cellulose digestion for L|_8 determinations was 
1 .58, with a coefficient of variation of 3*^8 per cent.
These results show that the inherent variability of 
each of the two methods is the same. Therefore, the volu­
metric method should give as good an estimate of the cellu­
lose remaining in an in vitro fermentation as the gravi­
metric method.
A statistical analysis of 36 cellulose determinations 
following a 30-hour in vitro fermentation period indicated 
a highly significant correlation coefficient of O .983 
(r = 0,I|.l8) between the two methods. Since the results 
obtained by both methods were variable, two lines could be 
fitted through the determinations. A line representing 
the regression of the gravimetric method on the volumetric 
method was chosen since it was desirable to determine the 
extent to which the volumetric method predicted values ob­
tained by the gravimetric method. Prom the line thus de­
termined, the limits of the predicted gravimetric values 
were calculated. Table 23 shows that the volumetric values 
gave a good estimate of the gravimetric values, although 
the predicted values for the gravimetric method were in­
creasingly higher as the per cent cellulose digestion in­
creased .
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Table 23- Prediction
Volumetric
of Gravimetric 
Values
Values Using the
Y
A
X x ± at 1 
per cent 
level
11 10.90 3.37
21 21.75 2.29
31 32.60 1.80
41 ^3-45 2.29
5i 54-30 3.37
60 65.15 4.72
Y = per cent cellulose digestion by the volumetric pro­
cedure .
x = predicted per cent cellulose digestion for the gravi­
metric procedure by the volumetric procedure.
x + 1 per cent = limits of the predicted gravimetric de­
termination at the 1 per cent level.
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The principal advantage of the rapid, volumetric 
method is the time saved in doing the analyses. In the 
author's experience, only 2 hours were required for 214- 
cellulose determinations by the volumetric method whereas 
8 hours were required by the gravimetric method. Further­
more, since the volumetric method gave as good an estimate 
of the cellulose present In the fermentation flask as the 
gravimetric method, the volumetric method was adopted and 
used in the remainder of the investigations.
This method was developed solely for the determina­
tion of purified wood cellulose (Solka Floe). No attempt 
was made to determine cellulose in natural materials by 
this method, since the packing characteristics of each 
material would probably be Independent of the grams of 
cellulose present.
Fractionation of Rumen Liquor for Cellulolytic Factor 
Activity
Previous results by Bentley e_t al. (22) indicated 
that the cellulolytic factor activity in rumen liquor was 
quite stable in solution and was not a mineral. Autoclav- 
Ing at l£ lbs. for 2iq. hours at pH 7.0 or in one normal 
sodium hydroxide did not destroy more than 1? per cent of 
the activity. However, autoclaving for I4. hours in one 
normal hydrochloric acid at 15 lbs. pressure reduced the 
activity 12 per cent, whereas autoclaving for 2I4. hours
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destroyed the activity completely--either by destroying 
the factor or by volatilization. To test the latter 
possibility, at the suggestion of Dr. Bentley, steam, dis­
tillates were prepared from acidified (to pH 2.0-2.5) and 
alkaline (pH 10 to 11) Sharpies rumen juice supernatant 
and the distillates and residues were tested for cellulo­
lytic factor activity. The supernatant was either acidi­
fied with concentrated phosphoric acid or made alkaline 
with 1+0 per cent sodium hydroxide. The results in Table 21+ 
show that the cellulolytic factor was distilled from acidi­
fied Sharpies supernatant but remained in the residue of 
alkaline Sharpies supernatant, which immediately suggested 
that the cellulolytic factor could be one or more of the 
normal, volatile fatty acids found in the rumen. Thereupon, 
the distillate from 10 ml. acidified Sharpies supernatant 
from the alfalfa hay fed steer was adjusted to pH 10 with 
sodium hydroxide, evaporated to dryness on a steam bath, 
taken up in 0.5 ml* 0.5N HgSO^ + 0.5 ml. H^SO^ and ad­
sorbed on 2 g. silica gel. The C2 to Gg fatty acid frac­
tions were separated on a silica gel column described by 
Linke (123) and Belasco (19)* using a butanol-benzene sol­
vent system. The acids were neutralized with sodium hy­
droxide and then boiled to remove the benzene. Each acid 
fraction was tested for factor activity (Table 25)* The 
fraction of both poor hay rumen juice and alfalfa hay 
rumen juice showed the greatest cellulolytic factor activity.
Table Zl\., The Cellulolytic Factor Activity of the
Distillate and the Residue Following Steam 
Distillation of the Supernatant under Acid 
and Alkaline Conditions
Additions to the 
Basal Medium1
Number of 
Experiments
Per Cent
Cellulose
Digested
Hone 3 16. Ij.
10 ml. supernatant 3 58.0
Distillate of ARJS2 3 i|.5.1
Residue of ARJS 3 27.3
Distillate of BRJS^ 2 18.8
Residue of BRJS 2 59.6
1.0 g. cellulose, 0.1 g. glucose, 0.168 g. urea, minerals, 
biotin, PABA and 10 ml. Sharpies suspension (from alfalfa 
hay fed steer).
210 ml. acidified Sharpies rumen juice supernatant to 
pH 2.0 to 2.5.
3
10 ml. Sharpies rumen juice supernatant made basic to 
pH 10 to 11.
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Table 25* The Cellulolytic Factor Activity of the Short 
Chain Fatty Acids in the Acid Distillate of 
Poor Hay and Alfalfa Hay Sharpies Supernatant 
Following Separation of the Fatty Acids on a 
Silica Gel Column
Additions to the 
Basal Medium-*-
Per Cent
Cellulose
Digested
Hone 18.2
10 ml supernatant 59.1
10 mg valeric acid 60.2
Acid distillate of PHRJS2 24-6.6
C2 fraction of PHRJS 19.3
C^ fraction of PHRJS III.. 8
C^ fraction of PHRJS 19.3
C^ fraction of PHRJS 36.24.
Acid distillate of AHRJS^ 53.il-
C2 fraction of AHRJS 31.9
C^ fraction of AHRJS 19.3
C, fraction of AHRJS 
4-
29.6
fraction of AHRJS 3^-1
^1.0 g. cellulose, 0.1 g. glucose, 0.168 g. urea, minerals, 
and 10 ml. Sharpies suspension (from alfalfa hay fed steer)
2
20 ml. Sharpies supernatant of rumen juice obtained from 
a steer getting poor quality hay.
10 ml. Sharpies supernatant of rumen juice obtained from 
a steer getting alfalfa hay.
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Since purified to C^q fatty acids are available 
commercially, these acids were obtained and tested for 
their cellulolytic factor activity. The results in 
Table 26 show that, of the acids tested, valeric acid 
was the most effective in stimulating cellulose digestion 
under the in vitro conditions used. Caproic, isovaleric, 
isobutyric, and heptylic acid were also active in de­
creasing order, whereas formic, acetic, propionic, butyric, 
caprylic, pelargonic, and capric acid showed no activity 
whatsoever. The marked stimulatory effect of valeric acid 
on cellulose digestion i^ ras not anticipated and speculation 
as to its value in vivo in increasing the utilization of 
poor quality roughages immediately arose. Appropriate 
feeding tests were soon planned and are now in progress 
with lambs and with steers to determine the value of the 
supplements, valeric acid, biotin, and para-aminobenzoic 
acid, in vivo.
Valeric and caproic acids not only increased cellu­
lose digestion, but they also stimulated protein synthesis 
(Table 27) nearly to the same extent as the rumen juice 
supernatant.
The bacteria in the rumen, therefore, appeared to 
have a requirement for to fatty acids. Although it 
appeared likely that valeric acid was required by the 
cellulose digesting microorganisms, the possibility ex­
isted that valeric acid may merely stimulate bacteria that
1014-
Table 26. The Cellulolytic Factor Activity of Commercial 
Volatile Fatty Acids
Additions to the 
Basal Medium1
Number of 
Experiments
Per Cent
Cellulose
Digested
None 15 19.0
10 ml supernatant 15 58.9
Formic Acid l -1.24-
Acetic Acid l 18.2
Propionic Acid i 19.3
Butyric Acid 2 22.9
Isobutyric Acid k 37.5
Valeric Acid 16 55.2
Isovaleric Acid 3 24-3.6
Caproic Acid 3 4-8.9
Heptylic Acid 1 2 8 .4-
Caprylic Acid 1 14-. 8
Pelargonic Acid 1 5.7
Capric Acid 1 9.1
1.0 g. cellulose, 0.1 g. glucose, 0.168 g. urea, biotin, 
PABA, and 10 ml. Sharpies suspension (from alfalfa hay 
fed steer).
►
Each of the acids was added to the flask at a concentra­
tion of 10 mg. per 100 ml. medium except acetic and pro­
pionic acids which were added at the 4- mg. level.
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Table 27. The Effect of Valeric, Caproic and a 50-50 
(w/w) Mixture of Valeric and Caproic Acids 
as Growth. Factors on Protein Synthesis and 
Cellulose Digestion Compared with the Super­
natant
Additions to the Protein Synthesized - mg. N/lOO ml.
Basal Mediumr- 0 mg N Ij. mg N 8 mg N 16 mg N 2i|_ mg N
Valeric acid^ 0.6 lp.0 6.1 9.1 11.1
2
Caproic acid Ip. 6 9.6 12.1
Valeric + Caproic-^ 5.1 8.6 12.1
20 ml supernatant 2.0 k-5 6.0 11.0 16.0
Additions to the 
Basal Medium
Per Cent Cellulose Digested
0 mg N ip mg N 8 mg N 16 mg N 2ip mg N
p
Valeric acid 3.2 8.8 0.9 21.3 37.2
p
Caproic acid 0 13.il- 36.0
Valeric + Caproic^ 3.2 19.0 38.0
20 ml supernatant 2.0 2.0 3.2 19.0 38.3
1 g. cellulose, 0.1 g. glucose, 0.5 g. starch, minerals, 
biotin, PABA and 10 ml. poor hay Sharpies suspension.
10 mg. acid
3
5 mg. each acid
106.
synthesize essential nutrients for cellulose digesting 
microorganisms.
It was also considered that valeric acid may have a 
coenzyme relationship In which case it might be loosely 
bound and recovered from the bacterial cell. Table 28 
shows that cellulolytic factor activity may be obtained 
from residues of acid and alkaline distillates of rumen 
cells. Furthermore, the factor activity was not due to a 
release of valeric or caproic acids since the stimulatory 
factor released was not distilled from acid solution.
Further evidence that rumen liquor and bacteria con­
tain additional stimulatory factors was obtained when the 
residue of an acid distillate of whole rumen juice was 
acidified and again distilled. The distillate contained 
no factor activity but the residue contained about 70 per 
cent relative activity.
Fractionation of Natural Materials for Cellulolytic Factor 
Activity
It became of interest to determine whether or not 
the stimulatory effect from the natural materials tested 
earlier was due to valeric acid or to any of the other 
commercial volatile fatty acids that stimulated cellulose 
digestion.
Solutions or suspensions of alfalfa leaf meal, yeast 
extract, distillers' solubles, and S. faecalis Factor No. £87
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Table 28. The Cellulolytic Factor Activity of the Dis­
tillate and the Residue of the Supernatant, 
the Whole Rumen Juice, and the Suspension of 
Bacterial Cells Following Steam Distillation 
under Acid and Alkaline Conditions
Per Cent
A2dlt}05s.J0 £ CelluloseBasal Medium1- Digested
None 12.5
10 ml supernatant 55.7
Cells from 20 ml RL2 26.1
Distillate
oo
17.1
Residue of AC 37.5
Residue of BC^ ~ 35.3
Distillate of ABC'* 17.1
Residue of ABC 26.1
Distillate of AS6 55.7
Residue of AS 31.9
Distillate of AARL7 15.9
Residue of AARL M+.3
1.0 g. cellulose, 0.1 g. glucose, 0.168 g. urea, minerals, 
biotin, PABA and 10 ml. Sharpies suspension
2
Whole rumen liquor 
^Acidified bacterial cells from 20 ml. rumen liquor
^Bacterial cells from 20 ml. rumen liquor made alkaline 
to pH 10.5
^Basic residue of the bacterial cells from 20 ml. rumen 
liquor acidified to pH 2.5
^Acidified supernatant
^Acid residue of 20 ml. whole rumen liquor acidified to pH 2.5
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were prepared and acidified to pH 2.0 to 2.5 with, phosphoric
acid. Distillates were made and tested for factor activity
(Tables 29, 30, 31). The natural materials tested contained
no or Gy acids for no factor activity distilled from 
5 6
these solutions. The factor activity in these preparations 
was fairly stable, however, for both the acid and basic 
residues contained near maximum activity. It should be ob­
served, however, that refluxing yeast extract in IN NaOH 
for 2 hours and then acidifying to pH 2.5 and distilling 
resulted in a complete loss of factor activity (Table 30)-
Effect of Amino Acids on Cellulose Digestion
Since the addition of enzymatic casein hydrolysate 
previously increased cellulose digestion, even in the ab­
sence of added biotin and PABA, It was thought advisable 
to re-Investigate the effect of amino acids as cellulolytic 
factors. Accordingly, a mixture of 13 amino acids (2 mg. 
each acid per 10 ml. solution) was prepared and tested at 
levels of 2, J4., 6 , and 8 mg. each acid per flask. The mix­
ture contained methionine, lysine, arginine, threonine, 
valine, tryptophan, phenylalanine, histidine, leucine, 
glutamic acid, aspartic acid, serine and proline.
Table 32 shows that essentially the same cellulose 
digestion (6i|..8 per cent) was obtained with the low level 
of amino acid mixture as with the supernatant (67.I per 
cent). Increasing the amount of mixture added lowered the 
per cent cellulose digested to per cent, indicating
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Table 29. The Cellulolytic Factor Activity of the
Distillate and the Residue of Alfalfa Leaf 
Meal Following Steam Distillation under Acid 
and Alkaline Conditions
Additions to the 
Basal Medium-1-
Per Cent Cellulose Digested
7 - 22 - 53-4 8-I7-5I4- 8-9-5^
None 18.2 15.9 12.5
10 ml supernatant 61.1). 56.9 55.7
Distillate of AALM2 29.6
Residue of AALM 8.0 5U.6
Distillate of BALM-3 19.3
Residue of BALM 71.8 63.7 56.9
Distillate of ABALM^ 10.2
R e s idue of ABALM 37.5
Dist. + Residue of AALM^ 2+6.6
■**1.0 g. cellulose, 0,1 g. gLucose, 0.168 g. urea, biotin, 
PABA, and 10 ml. Sharpies suspension
2
2 g. acidified alfalfa leaf meal
3
2 g. alfalfa leaf meal made basic
^Basic residue of 2 g. alfalfa leaf meal acidified to 
pH 2.5
^Distillate and residue from 2 g. acidified alfalfa leaf 
meal
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Table 30. The Cellulolytic Factor Activity of the
Distillate and the Residue of Yeast Extract 
Following Steam Distillation Under Acid and 
Alkaline Conditions
Additions to the 
Basal Medium1
Per Cent Cellulose Digested
7-22-514- 8-5-51| 3-2-51+
None 18.2 11.4 18.2
10 ml supernatant 61. k 62.5 59.1
Distillate of AYE^ 20.5
Residue of AYE 62.5
Distillate of BYE3 111-. 8
Residue of BYE 6I4.. 8 66.0
Distillate of ABYE^- 11+. 8
Residue of ABYE^ 67.1
Distillate of ABYE^ 
Residue of ABYE^
21.6
10.2
1.0 g. cellulose, 0.1 g. glucose, 0.168 g. urea, minerals, 
biotin, PABA and 10 ml. Sharpies suspension
2
0.2 g. acidified yeast extract
3
0.2 g. yeast extract made basic
^Basic residue of 0.2 g. yeast extract acidified to 
pH 2.5
O.lij. g. yeast extract refluxed in IN NaOH for 2 hours and 
acidified to pH 2.5
Table 31. The Cellulolytic Factor Activity of the
Distillate and the Residue of Distillers' 
Solubles and £3. faecalis Factor No. 587 
Following Steam Distillation Under Acid 
and Alkaline Conditions
Additions to the Per Gent Cellulose Digested
Basal Medium-*- 7-26-514. 7-22-51}.
None 20.5 18.2
10 ml supernatant 60.3 61 ,L|_
Distillate of ADS2 19.3 20.5
Residue of ADS 56.9 56.9
Distillate of BDS^ 31.9 31.9
Residue of BDS il-3.2 20.5
Distillate of AS-587^ 20.5
Residue of AS-587 31.9
Distillate of BS-537^ 27.3
Residue of BS-587 1+7.8
1.0 g. cellulose, 0.1 g. glucose, 0.168 g. urea, minerals 
biotin, PABA and 10 ml. Sharpies suspension
2
O.I4. g. acidified distillers' solubles
o
0 .I4. g. distillers' solubles made basic
1l
0.3 g. acidified S. faecalis factor No. 587
£
0*3 g* .S* faecalis factor No. 587 made basic
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Table 32. The Effect of Mixtures of Amino Acids on 
Cellulose Digestion In Vitro
Additions to the 
Basal Mediurrm-
mg. each 
Acid
Per Cent Cellulose 
Digested
None 36.if
10 ml supernatant 67.1
2
AA mixture No. 1 2 6if .8
AA mixture No. 1 ii £8.0
AA mixture No. 1 6 £6.9
AA mixture No. 1 8 £if .6
3
AA mixture No. 2 Ur if 8.9
AA mixtur e No. 2 6 £3.^ 4-
AA mixture No. 3^ " Ur £2.3
AA mixture No. 3 6 £3.14-
AA mixture No. if k 14-3.2
AA mixture No. if 6 if 0.9
No. 2 & No. 3 k £9.1
No. 2 & No. if Ur 1^.3
No. 3 & No. if k 61.if
■*"1.0 g. cellulose, 0.1 g. glucose, 0.168 g. urea, minerals, 
biotin, PABA, and 10 ml. Sharpies suspension
2
2 mg. each of methionine, lysine, arginine, threonine, 
valine, tryptophan, phenylalanine, histidine, leucine, 
glutamic acid, aspartic acid, serine and proline per 10 ml.
3
2 mg. each of lysine, proline, tryptophan and aspartic 
acid per 10 ml.
if
2 mg. each of methionine, threonine, valine, phenylalanine 
and glutamic acid per 10 ml.
^2 mg. each of arginine, histidine, leucine and serine per 10ml
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inhibition of cellulose digestion with Increased concentra­
tion of amino acids.
To determine the amino acids responsible for stimu­
lating cellulose digestion, the amino acid mixture was 
subdivided into three mixtures containing either I4. or 5> 
amino acids per mixture. The mixtures were tested singly 
and in combination for factor activity. Mixtures 2 and 3 
showed a slightly greater effect than mixture number Lf., 
whereas mixture number 3 showed the best stimulation singly 
and in combination with the other two mixtures. It was not 
too surprising, therefore, when the amino acids were tested 
individually, that one of the amino acids (valine) in mix­
ture number 3 showed the greatest cellulolytic factor ef­
fect (Table 33). The four remaining amino acids showed 
only slight activity. In mixture number 2, proline showed 
the greatest factor activity and the remainder showed only 
a slight effect. Arginine in mixture number I), also showed 
some factor activity but not so much as valine and proline.
Since none of the amino acids stimulated cellulose 
digestion as much as the mixture of amino acids, combina­
tions of two amino, acids were tested and Table 3k shows 
the results. A mixture of valine and proline was more ef­
fective than either one separately, and was the most ef­
fective combination of the amino acids tested. In single 
experiments, valine and arginine, valine and aspartic acid, 
and valine and ly3ine were very nearly as effective as the
Ilk.
Table 33. The Effect of Amino Acids on Cellulose 
Digestion In Vitro-*-
Additions to the 
Basal Medium^
No. 
Expts.
Per Cent Cellulose 
Digested
None 8 18.3
10 ml supernatant 8 5>9.1|
Proline S 37.2
Tryptophan 1 28. k
Lysine 2 23.9
Aspartic Acid 2 23.3
Valine 8 Zj.0.1
Threonine 2 29.6
Methionine 2 29.0
Phenylalanine 2 29.0
Glutamic Acid 2 28. Ip
Arginine 1 3ij-.l
Histidine 1 30.7
Leucine 3 27.3
Serine 3 21*. 3
’ij. mg. each amino acid
1.0 g. cellulose, 0.1 g. glucose, 0.16Q g. urea, minerals, 
biotln, PABA and 10 ml. Sharpies suspension
Table 3l+. The Effect of Mixtures of Several Amino Acids 
on Cellulose Digestion In Vitro-'-
Additlons to the Mo. Per Cent Cellulose
Basal Medium^ Expts. Digested
None £ 22.£
10 ml supernatant £ £9.6
Valine £ 1+1.1+
Valine + proline It- £2.9
Valine + arginine 1 £i.i
Valine + aspartic acid 1 £1.1
Valine + lysine 1 £o.o
Valine + methionine 1 1+6.6
Valine + norleucine 3 1+L+.0
Valine + serine 2 i+i.£
Valine + threonine 1 1+0.9
Valine + histidine 1 1+0.9
Valine + phenylalanine 1 39.3
Valine + glutamic acid 1 39.8
Valine + tryptophan 1 36.1+
Valine + isolencine 1 30.7
Valine + leucine 1 29.6
Proline It- 37.3
Proline + norleucine 2 36.14-
Proline + leucine 1 29.6
Proline + serine 1 29.6
1^+ mg. each amino acid
1.0 g. cellulose, 0.1 g. glucose, 0.168 g. urea, minerals, 
biotin, PABA and 10 ml. Sharpies suspension
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valine-proline mixture.
The mechanisms by which these amino acids stimulate 
cellulose digestion remains to be elucidated. These amino 
acids may be the factors in the natural materials that 
elicit the cellulolytic response. Ftirther investigations 
need to be made to isolate and identify the water soluble 
amino acids in natural materials to ascertain the cellulo­
lytic factors in these natural materials.
Effect of cC-Keto Acids on Cellulose Digestion and Protein 
Synthesis
Since valeric acid, valine, and proline showed factor 
activity, speculation developed as to the mode of action 
of these substances. In an article by Wright (212) it was 
observed that valine was considered a precursor of oC-keto- 
isovaleric acid, which In turn was incorporated into the 
Co A molecule. It was also observed that biotin was shown 
to be required for the formation of Co A. Therefore, the 
oC-keto homologs of the fatt;f acids that showed factor ac­
tivity were obtained from the Bios Laboratories and tested 
for their cellulolytic effeet (Table 35). When the cC-keto 
acids were tested singly, they showed only a very slight 
response. However, when o£-keto-isovaleric acid was tested 
in combination with valeric acid, isovaleric acid or nor- 
valine, protein synthesis and cellulose digestion were in­
creased (Table 36). Cellulose digestion was particularly 
affected with the isovaleric + <<.-keto-isovaleric acid
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Table 35. The Effect of <>c-Keto Homologs >£ Valeric,
Isovaleric, Gaproic and Isocaproic Acids on
Cellulose Digestion 
In Vitro
and Protein Synthesis
Additions to the Prot. Svn. Per Gent
Basal Mediumlj2 N/100 ml. CelluloseDigested
None 1.2 7.7
10 ml supernatant 9.5 1+9.6
I; mg valeric acid k-k 20.2
10 mg valeric acid 8.5 39.1;
I; mg 0c -keto-valeric acid 1.6 10.0
10 mg «< -keto-valeric acid 2.9 13.1;
[4. mg isovaleric acid 5.2 16.8
10 mg isovaleric acid 6.6 13-14-
1+ mg oC -keto-isovaleric acid 2.6 ll.l
10 mg oC -keto-isovaleric acid 2 .1; 16.8
1; mg caproic acid 5.9 37.7
10 mg caproic acid 6.2 28.1
I; mg oc -keto-caproic acid 2.2 5.4
10 mg cC -keto-caproic acid 3.6 11.1
If. mg <*. -keto-isocaproic acid 2.6 3.2
10 mg < -keto-isocaproic acid 2.6 7.7
1.0 g. cellulose, 0.1 g. glucose, 0.081; g. urea, minerals, 
biotin, PABA, and 10 ml. Sharpies suspension
2
pH adjusted to 6.7 every 3 to I; hours
Table 36. The Effect of Mixtures of oC-Keto-isovaleric 
Acid, and Valeric, Isovaleric or Norvaline 
on Protein Synthesis and Cellulose Digestion 
In Vitro
Additions to the 
Basal Medium1
Prot. Syn. 
mg. N/lOO ml.
Per Cent 
Cellulose 
Digested
None 5.8 -1.1+
10 ml supernatant 11.9 50.8
oC -keto-isovaleric
p
acid 8.5 13.1+
valeric acid 9.8 61.0
valeric + cC-keto-is ovaleric 10.8 62.1
isovaleric acid 9.8 11+. 5
isovaleric + oc-keto-isovaleric 10.8 1+0.6
norvaline 6.8 8.8
norvaline + oc-keto- isovaleric 7.8 20.2
1.0 g. cellulose, 0.1 g. glucose, 0 .081+ g. urea, minerals, 
biotin, PABA and 10 ml. Sharpies suspension
2
10 mg. each acid
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combination, for* neither* acid by itself showed much factor* 
activity. ©c-hydroxy-valeric acid and epsilon caprolactone 
were also tested but were found to be inactive.
Effect of Valeric Acid on Protein Synthesis and Cellulose 
Digestion
The assumption was previously made that the factors 
affecting cellulose digestion were probably also the fac­
tors affecting protein synthesis. To test this assumption, 
one to ten mg. of valeric acid was added to a series of 
flasks and protein synthesis and cellulose digestion were 
determined. Table 37 shows that the rate of protein syn­
thesis correlated quite satisfactorily with the rate of 
cellulose digestion. This information would suggest that 
valeric acid also could be called a ’'protein stimulating” 
factor.
Effect of Valeric Acid on the Growth of Rumen Microorgan­
isms not Directly Involved in Cellulose Digestion
Since valeric acid appeared to be so remarkably ef­
fective in stimulating protein synthesis and cellulose 
digestion, with cellulose as the principal substrate, and 
since valeric acid is normally found in the rumen (66)(6), 
it was thought desirable to determine the effect of valeric 
acid on other groups of microorganisms found in the rumen. 
Cellobiose, glucose, starch and maltose were tested with 
and without valeric acid. Cellulose was also tested without
Table 37. The Effect of Increasing Levels of Valeric 
Acid on Protein Synthesis and Cellulose 
Digestion In Vitro
Additions to the 
Basal Medium^
Prot. Syn. 
mg. N/100 ml.
Per Cent
Cellulose
Digested
None k.l 5-k
1 mg valeric acid 6.7 16.8
2 mg valeric acid 9.0 33.8
3 mg valeric acid 10.2 Lt-1.6
5 rag valeric acid 11.0 57.6
8 mg valeric acid 10.5 59.3
10 mg valeric acid 10.8 63.2
1
1*0 g. cellulose, 0.1 g. glucose, 0.081j. g. urea, 
minerals, biotin, PABA, and 10 ml. Sharpies suspension
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the 0.1 per cent glucose usually Included in the basal 
medium. Protein synthesis was the criterion of activity.
The results in Table 38 clearly indicate that only 
the cellulolytic microorganisms were stimulated by valeric 
acid. However, only a limited number of experiments were 
carried out with a limited number of substrates. Other 
groups of microorganisms may, therefore, be stimulated by 
valeric acid that were not cultured by the substrates used.
Another interesting result was the poor cellulose 
digestion obtained in the absence of glucose from the 
basal medium. The data suggest that additional, unidenti­
fied growth factors are produced for the cellulose di­
gesting microorganisms, by the microorganisms which meta­
bolize glucose, that are not supplied in the basal medium. 
These are only preliminary results, however, and need to 
be confirmed.
Effect of pH on Protein Synthesis and Cellulose Digestion
1. With Cellulose as the Primary Carbon Substrate 
Early investigators with the artificial rumen sug­
gested that the pH of the medium should be maintained be­
tween 6.6 and 6.8 (38) (129). No data were given, however, 
since it apparently was not considered essential to keep 
the pH close to any given value, for previous observations 
indicated that the pH of rumen contents may be as low as 
5.5 or as high as 7«5>. During the course of these studies, 
as well as during previous studies, fermentations were
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Table 38. The Effect of Valeric Acid on Protein Synthesis 
and Cellulose Digestion with Either Cellulose, 
Cellobiose, Glucose, Starch or Maltose as the 
Principal Source of Energy^
Additions to the 
Basal Medium2
No. of 
Exp t s.
Prot. Syn. 
mg. N/lOO ml.
P er C ent
Cellulose
Digested
Cellulose 1 2 .1+ 0
3
Cellulose + valeric acid" 1 7.2 2.0
Cellulose + glucose^ 3 1+. 6 3.0
Cellulose + glucose^- + VA 3 11.7 1+8.9
Cellobiose 1 13.2
Cellobiose + valeric acid 1 13.7
Glucose 1 10.9
Glucose + valeric acid 1 9.1+
Starch + glucose^ 2 15.3
Starch + glucose^- + VA 2 15.6
Maltose 1 12.1+
Maltose + valeric acid 1 12.1+
"^1.0 g. of each energy source
0.168 g. urea, minerals, biotin, PABA and 10 ml. Sharpies 
suspension
10 mg. valeric acid (VA) 
0.1 g. glucose
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encountered that showed little cellulolytic activity. 
Furthermore, Burroughs et al. (I|-3> i-l-1) observed that 
starch decreased dry matter digestibility _in vivo and 0.5 
per cent starch decreased cellulose digestion in vitro (8). 
To account for these observations, and to determine whether 
or not valeric acid and caproic acid respond similarly to 
supernatant at different pH values, a single experiment 
was designed to determine these relationships, after pre­
liminary experiments indicated a pH response would occur. 
The pH of the flasks was adjusted to either 6.0, 6.5> 6.9» 
7.1, or 7.5 and maintained at those pH values by the addi­
tion of either 85 per cent phosphoric acid or sodium car­
bonate solution. pH determinations were made every 1 to 2 
hours. The pH did not vary more than 0.2 pH unit through­
out the 30-hour fermentation period.
The results are presented in Table 39 and Figures 6 
and 7. No cellulose digestion was obtained at either pH
6.0 or 7.5 and protein synthesis was limited. The optimum 
pH for protein synthesis and cellulose digestion occurred 
between 6.9 and 7.0. Valeric acid and caproic acid 
responded similarly to the factors in the supernatant, al­
though somewhat less protein was synthesized with caproic 
acid. These results are most striking, for one can readily 
observe that if the pH is allowed to fall below 6.3* as is 
often the case with more than 0.3 per cent starch in the 
medium, cellulose digestion is practically stopped. This
121+.
Table 39. The Effect of pH, Valeric and Caproic Acids on 
Protein Synthesis and Cellulose Digestion by 
Rumen Microorganisms In Vitro with Cellulose 
as the Principal Source of Energy
Additions to the 
Basal Mediumr PH
Prot. Syn. 
mg. il/lOO ml.
Per Cent
Cellulose
Digested
None 6.9 5.8 -l.li.
2Supernatant 6.0 ip. 6 5.1+
Supernatant 6.5 9.9 28.1
Supernatant 6.9 11.9 50.8
Supernatant 7.1 11.1 1+8.5
Supernatant 7.5 5.1+ 3.2
Valeric acid-3 6.0 2.0 -8.2
Valeric acid 6.5 7.3 15.6
Valeric acid 6.9 9.8 61.0
Valeric acid 7.1 9.2 1+7.1+
Valeric acid 7.5 5.0 5.1+
Caproic acid^ 6.0 1.2 -10.0
Caproic acid 6.5 5.8 20.2
Caproic acid 6.9 6.8 61.0
Caproic acid 7.1 7.5 59.8
Caproic acid 7.5 1+.8 0.9
^1.0 g. cellulose, 0.1 g. glucose, 0.168 g. urea, minerals, 
biotin, PABA and 10 ml. Sharpies suspension
P10 ml. Sharpies supernatant 
^10 mg. valeric acid
^10 mg. caproic acid
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Figure 6 . The Effect of pH on Cellulose Digestion
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Figure 7- The Effect of pH on Protein Synthesis
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may explain why more than 0.3 per cent starch lowers 
cellulose digestion In vitro (8 ) and why starch depresses 
roughage dry matter digestion in vivo (i|.3 )»
2. With Starch as the Primary Garbon Substrate 
Corn is usually the major source of energy for fatten­
ing steers, and the starch therein is broken down more ra­
pidly in the rumen than is cellulose. The rapid break­
down results in the formation of short chain fatty acids 
that lower the pH. What effect the low pH has on the 
growth of starch digesting rumen microorganisms is not 
known. The results in Table JLj_0 show the effect of pH and 
valeric acid on the growth of starch digesting rumen 
microorganisms.
It can be readily observed that valeric acid had 
essentially no effect on the growth of starch digesting 
microorganisms, as observed earlier in Table 38. Further­
more, pH had only a slight effect on protein synthesis 
from pH 6.0 to 7.5. At the lower pH of growth of the
amylolytic microorganisms was definitely affected. There­
fore, starchy material would continue to be broken down 
at pH 6.0, but cellulose digestion would be essentially 
inhibited. If this low pH were maintained for a period 
of hours in vivo, and certain essential mineral elements 
in the feed would be limiting, it is readily apparent why 
roughage dry matter digestion would be decreased with high 
levels of starch in the ration.
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Table JLj.0. The Effect of pH and Valeric Acid on Protein 
Synthesis by Rumen Microorganisms In Vitro 
with Starch as the Principal Source of Energy
Additions to the 
Basal Medium pH
Protein Synthesized 
mg. N/100 ml.
10 ml Supernatant 5.5 7.3
10 ml Supernatant 6.0 11.8
10 ml Supernatant 6.5 13.1
10 ml Supernatant 7.0 13.6
10 ml Supernatant 7.5 12.6
10 rag Valeric Acid 5.5 6.8
10 mg Valeric Acid 6.0 10.1
10 mg Valeric Acid 6.5 1J+.8
10 mg Valeric Acid 7.0 llj-.l
10 mg Valeric Acid 7.5 llj..l
1.0 g. starch, 0.1 g. glucose, 0.168 g. urea, minerals, 
biotin, PABA and 10 ml. Sharpies suspension
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Effect of Starch on Protein Synthesis and Cellulose 
Digestion
Relatively high levels of starch do not always de­
crease cellulose digestion in vitro, as the results in 
Table I4.I indicate. Furthermore, the effect of 0.5 per 
cent starch in exerting a "cellulolytic,r factor response 
was not expected. As high as J4.O.6 per cent cellulose 
digestion was obtained with only 0.5 per cent starch as 
the supplemental factor, compared with 12.2 per cent in 
the basal. These results suggested that the starch di­
gesting microorganisms were forming valeric acid, which 
in turn was used by the cellulose digesting microorganisms, 
provided sufficient nitrogen remained in the medium for the 
slower-growing cellulose digesters to use. The pH of the 
media in these studies was maintained at 6.9 £ 0.2 to in­
sure maximum cellulose digestion.
The Formation of Valeric Acid by Amylolytic Rumen Micro­
organisms and Its Utilization by Cellulolytic Microorgan­
isms In Vitro
The most direct way to determine whether or not 
valeric acid was formed by the starch digesting microorgan­
isms was to analyze for valeric acid in the medium. Moyle's 
(160) procedure for valeric acid was modified and Mr. Jack 
Cline performed the determinations. The procedure separ­
ates valeric acid from butyric and caproic acids, but not
130.
Table 1|_1. The Effect of Starch on Protein Synthesis 
and Cellulose Digestion Compared with the 
Cellulolytic Factor Activity of Valeric Acid
Additions to the 
Basal Medium-^-
m g . N 
Added
Prot. Syn. 
mg. iT/lOO ml.
Per Gent
Cellulose
Digested
None 75 3.7 12.2
10 ml supernatant 75 15.8 67 .8
Valeric Acid2 0 -0.8 -7.0
Valeric Acid 5 2.7 13. 1+
Valeric Acid 10 6.0 21+. 7
Valeric Acid 25 11.2 53.0
Valeric Acid 5o 13.0 61.0
Starch^ 0 -0 ,i+ -1.1+
Starch 5 3.1 -0.2
Starch 10 7.1 -JL+.8
Starch 25 11.1 25.8
Starch 50 13.1 1+0.6
Valeric + Starch 0 0 -4.8
Valeric + Starch 5 1+.2 2.0
Valeric + Starch 10 8.0 7.7
Valeric + Starch 25 18.2 39.1+
Valeric + Starch 50 19.7 63.2
1.0 g. cellulose, 0.1 g. glucose, minerals, biotin, PABA 
and 10 ml. Sharpies suspension
10 mg. valeric acid
o
500 mg. starch
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from isovaleric acid. The results in Table lf.2 show that 
valeric acid disappeared from flasks in which cellulose 
was the principal carbon substrate, but increased in 
flasks in which starch was the principal carbon substrate.
When both cellulose and starch were included in the 
medium, and sub-optimum amounts of nitrogen were added, 
the more rapidly growing starch digesters used up the 
available nitrogen, synthesized protein, and formed 
valeric acid (Table lp3). As more nitrogen was added so 
that a sufficient amount remained for the cellulose diges­
ters, protein synthesis and cellulose digestion increased, 
whereas valeric acid decreased. Furthermore, as the con­
centration of nitrogen increased in flasks with cellulose 
and valeric acid, but no starch, valeric acid gradually 
decreased from 6.0 to only 1.8 mg. per 100 ml. medium, 
showing its utilization by the cellulose digesting micro­
organisms .
The results in Table iilj. show a similar interesting 
effect. The basal medium contained 1.0 g. cellulose and 
0.5> g. starch. When no nitrogen was added to the flask, 
no starch or cellulose was digested, no protein was syn­
thesized, and therefore no valeric acid was formed. When 
only 5 mg. nitrogen was added per flask, no cellulose was 
digested, some protein was synthesized, but 6.2 mg. valeric 
acid was formed. Even at the 10 mg. nitrogen level, no 
cellulose was digested, but more protein was synthesized.
Table 1+2. The Effect of Starch and Cellulose on the 
Formation and Utilization of Valeric Acid 
by Rumen Microorganisms In Vitro
Additions to the 
Basal Medium1
Prot. Syn. 
mg. N/lOO ml.
Valeric Acid 
mg./lOO ml.
2
Cellulose 1+.0 Trace
Cellulose + valeric acid^ 13.0 2.1+
Starch^- 17.0 8.2
-3
Starch + valeric acid"^ 17.2 13.2
0.1 g. glucose, 0.168 g. urea, minerals, biotin, PABA, 
and 10 ml. Sharpies suspension
2
1.0 g. cellulose 
J6.0 mg. valeric acid 
^0.5> g. starch
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Table 1^ 3. The Formation of Valeric Acid by Amylolytic 
Rumen Microorganisms and Its Apparent Utili 
zation by Cellulolytic Rumen Microorganisms 
In Vitro
Additions to the mg. N Prot. Syn. Per Cent Valeric Acid
Basal Medium Added mg. N/lOO ml. Cellulose mg./lOO ml.
Digested
None 0 -0.3 i --3 * O 5.2
None 5 2.7 13-k 6.0
None 10 6.0 21^ .7 5.0
None 25 11.2 53.0 2.6
None 5o 13.0 61.0 1.8
Starch^ 0 0 —1|_. 8 7.1|-
Starch 5 k-2 2.0 12. k.
Starch 10 8.0 7.7 13.8
Starch 25 18.2 39. k 10.0
Starch 5o 19.7 63.2 8.2
^l.O g. cellulose, 0.1 g. glucose, 10 mg. valeric acid, 
minerals, biotin, PABA and 10 ml. Sharpies suspension
2
500 mg. starch per 100 ml. medium
13J+-
Table !+!{.. The Formation of Valeric Acid by Amylolytic 
Rumen Microorganisms and Its Apparent Utili­
zation by Cellulolytic Rumen Microorganisms 
In Vitro
Additions to the 
Basal Medium
mg . N 
Added
Prot. Syn. 
mg. N/100 ml.
Per Cent
Cellulose
Digested
Valeric Acid 
mg./lOO ml.
None 0 -0 .1+ -1 .1+ 0
None 5 3.1 -0.2 6.2
None 10 7.1 -1+.8 5.2
None 25 11.1 25.8 2.6
None 50 13.1 1+0.6 1.8
Valeric Acid^ 0 0.1 -1.1+ 6.6
Valeric Acid 5 3.3 -1+.8 9.1+
Valeric Acid 10 6.6 -Lj.,8 11+.1+
Valeric Acid 25 7.1 56.1+ k-k
Valeric Acid 5o 6.6 1+6.2 2.8
^1.0 g. cellulose 
biotin, PABA and
, 0.1 g.
10 ml.
glucose, 0.5 g. starch 
Sharpies suspension
, minerals,
10 mg. valeric acid per 100 ml. medium
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As the level of nitrogen was increased to 50 mg. per flask, 
cellulose digestion increased to I4.O.6 per cent and valeric 
acid decreased to 1.3 mg. per flask. When valeric acid 
was added to similar flasks containing cellulose and 
starch, very similar results were obtained— as cellulose 
digestion increased, valeric acid concentration decreased.
These data suggest that the rumen microorganisms 
that metabolize starch multiply more rapidly than those 
that digest cellulose. The data also show that up to 0.5 
per cent 3tarch in the medium does not adversely affect 
cellulose digestion provided the pH of the medium is kept 
at 6.9 - 0.2. Furthermore, it is evident that a synergis­
tic relationship exists between these two groups of micro- 
organisms, for the starch digesters produce a substance 
(valeric acid) that is required for the growth of the 
cellulose digesters.
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DISCUSSION
Evaluation of* Commercial Nitrogen Sources
The nitrogen content of blackstrap molasses, con­
densed distillers' molasses solubles, beet pulp, citrus 
pulp and corn cobs can readily be Increased by reacting 
these products with anhydrous ammonia under pressure at 
elevated temperatures. The process is relatively Inex­
pensive and theoretically provides a practical manner in 
which to extend the protein supply of ruminants, provided 
the added nitrogen is available to the rumen microorganisms 
and to the host animal.
The ruminant animal is limited in its use of biologi­
cal feedstuffs to the extent of its availability to the 
rumen microorganisms. For example, rumen microorganisms 
can use the nitrogen of urea (NI^-CO-NH^) because certain 
rumen microorganisms contain urease, but they cannot use 
the nitrogen of biuret (NH^-CO-NH-CO-NH^) for the rumen 
bacteria do not have the appropriate enzymes to convert 
biuret to ammonia.
It has been estimated that hundreds of different 
compounds are formed from the ammoniation of blackstrap 
molasses to the extent of fifteen to thirty-three per cent 
protein equivalent, but little is known of the chemical 
nature of these ammoniated sugars. It is known, however, 
that more insoluble nitrogen compounds are formed as the
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temperature and pressure of the ammoniation reaction mixture 
are increased.
Although the analyses of molatein showed that only a 
small part of the nitrogen was insoluble in aqueous solu­
tion, the in vitro results obviously suggest that only the 
nitrogen in molatein that was determined chemically as am­
monia by the A.O.A.C. method (10) was available to and 
utilized by the rumen microorganisms. Furthermore, it was 
demonstrated that the microorganisms of a poor hay-molatein 
fed steer did not adapt to and utilize the "bound” nitrogen 
(85 to 87 per cent) in the molatein (33 per cent protein 
equivalent) that was tested.
These results suggest that very little benefit should 
be expected from the feeding of molatein as a nitrogen 
supplement to ruminants. The favorable feeding trials that 
have been reported (£8) (78) probably would have been just 
as favorable had the investigators fed an equivalent amount 
of blackstrap molasses, for sufficient nitrogen was avail­
able in the basal ration to supply the needs of the rumen 
microorganisms as well as the host animal.
However, the results presented in this paper indicate 
that about one-sixth of the nitrogen in molatein was avail­
able to rumen microorganisms. If blackstrap molasses 
could, therefore, be ammoniated under milder conditions 
such that a product would be obtained from which 75 to 100 
per cent of the nitrogen would be liberated as ammonia, as
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determined, by the A.O.A.C. method (10), a satisfactory 
product would probably be obtained, for then the sugars in 
the amraoniated molasses would probably also be available.
Furthermore, the data presented herein demonstrate 
the importance of determining the availability of the 
nitrogen (to rumen microorganisms in vitro) in new products 
before extensive feeding trials are carried out to deter­
mine their value as a nitrogen source.
The preliminary experiments with wheat hydrolysate 
(MC-11) in vitro and in vivo indicated that rumen micro­
organisms used the nitrogen in MC-11 for protein synthesis 
and cellulose digestion. Although MC-11 was somewhat un­
palatable to the steers at the beginning of the feeding 
trial, the animals readily consumed the MC-11 when mixed 
with cane molasses. These favorable results indicate 
that MC-11 is a satisfactory nitrogen source for ruminants 
which can profitably be utilized as a supplement to low- 
protein, fattening type steer rations.
Factors Affecting Non-protein Nitrogen Utilization
Studies with isolates and mixed cultures of cellulo­
lytic rumen microorganisms have indicated that rumen liquor 
is required in the medium for optimum growth (103)(3^)
(li|_8 ) (22) (8I4.) . The factors in rumen liquor that are re­
quired for the growth of these microorganisms have only 
recently been reported by Bentley ejb al. (25?) and Bryant
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and Doetsch (35)* Bentley ejb al. (25) used a mixed popu­
lation of cellulolytic microorganisms whereas Bryant and 
Doetsch (35) studied the requirements of a single organism, 
Bacteroides succinogenes. Bentley el; al. (25) reported 
that valeric or caproic acid, biotin, and para-aminobenzoic 
acid were required in the medium to grow a mixed culture of 
cellulolytic organisms, whereas Bryant and Doetsch (35* 36) 
reported that a straight chain component, valeric, caproic, 
or heptylic acid and a branched chain component, isobutyric, 
isovaleric or DL- <c -methyl-n-butyric acid were required in 
the medium to culture the organism, Bacteroides succino­
genes , isolated from the rumen.
These independent studies suggested that or 
acids are truly involved as growth factors for cellulolytic 
rumen microorganisms. The studies on the effect of pH, 
valeric and caproic acids on cellulose digestion and pro­
tein synthesis further substantiate this hypothesis. The 
following questions, therefore, arise: Are the celluloly­
tic factors found in natural materials the true growth 
factors as essential amino acids, or are the stimulatory 
substances active because they are first converted to 
valeric, caproic or corresponding iso-acids? These ques­
tions remain to be elucidated, although the available 
evidence is in favor of the latter hypothesis.
Rumen microorganisms that digest starch have been 
shown by Gray (82) and Elsden (6J4.) to form valeric acid
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from propionic acid, while El-Shazly (67) has demonstrated 
that, with mixed rumen microorganisms, valeric, caproic and 
the corresponding iso-acids are formed from the deamination 
of the corresponding amino acids.
On the other hand, the workers at Iowa State College 
feel that cellulolytic rumen microorganisms require cer­
tain unidentified peptides for growth, since partial hy­
drolysates of casein, and particularly chicken feathers, 
show growth factor activity (8£).
It should he pointed out, however, that the C_, and C,
5 o
fatty acids show growth factor activity only when glucose, 
biotin and para-aminobenzoic acid are included in the basal 
medium. Prom the response obtained from these growth fac­
tors, the bacteriologist would classify biotin and or 
fatty acids as essential growth factors for cellulolytic 
rumen microorganisms and PABA as a stimulatory growth 
factor.
In addition to increasing the rate of cellulose di­
gestion, valeric and caproic acids have been shown to In­
crease the rate of protein synthesis. The rate of protein 
synthesis in this respect is primarily indicative of the 
rate of multiplication of the cellulolytic microorganisms.
Preliminary results indicated that only the rumen 
microorganisms that digest cellulose require, or are stimu­
lated by, valeric acid. The bacteria that digest cellobiose, 
maltose, glucose or starch do not require valeric acid for
1^ .1.
growth, for the addition of valeric acid had no effect on 
the rate of protein synthesis.
The effect of pH on cellulose digestion and protein 
synthesis, with cellulose as the primary carbon substrate, 
was quite marked, for as the pH decreased from 7.0 to 6.0,
the rate of cellulose digestion decreased from 61 per cent
to zero per cent. This pH effect may be a factor in ex­
plaining why Burroughs et al. (I4.3 , 1^ 1) observed a decrease
in roughage dry matter digestion when starch was added to 
a corn cob ration. Burroughs e_t al. (L)-3, JLpl) postulated 
that the decrease in roughage dry matter digestion was 
due to the more rapidly growing amylolytic microorganisms 
using up the available nitrogen and minerals. However, 
the drop in pH due to the rapid formation of fatty acids
from the breakdown of starch may also have been an impor­
tant factor in the decreased roughage dry matter digestion 
obtained.
11+2.
SUMMARY
The utilization of non-protein nitrogen by rumen 
microorganisms has been investigated by studying the nu­
tritional requirements of the rumen microorganisms in 
vitro.
In the first phase of the study, the utilization of 
nitrogen from urea, ammoniated molasses (molatein), wheat 
hydrolysate (MC-11) and biuret was observed to be related 
to the availability of the nitrogen to rumen microorganisms.
Essentially 100 per cent'of the nitrogen of urea was 
available to rumen microorganisms in vitro.
Thirteen to fifteen per cent of the total nitrogen 
in ammoniated molasses (1£> per cent and 33 pei* cent protein 
equivalent) was liberated as ammonia nitrogen. This amount 
of nitrogen was available to rumen microorganisms in vitro. 
The remaining 8£ to 87 per cent "bound" nitrogen was un­
available to rumen microorganisms that were not previously 
exposed to ammoniated molasses.
A fistulated steer was fed 1 lb. ammoniated molasses 
(33 per cent protein equivalent) per day to permit the" rumen 
microorganisms to adapt to the ammoniated sugars. After 
15) 23f and 123 days, the rumen microorganisms were tested 
in vitro for their ability to utilize the nitrogen in am­
moniated molasses. The 8f? per cent "bound" nitrogen re­
mained unavailable to the rumen microorganisms even after 
the 123-day period.
II
lk3.
The nitrogen in wheat hydrolysate (MC-11) was avail­
able to rumen microorganisms in vitro. Furthermore, steer 
fattening trials indicated nearly as good utilization of 
the nitrogen in wheat hydrolysate as in soybean oil meal.
The nitrogen in pure biuret was unavailable to rumen 
microorganisms in vitro.
The second phase of the study was concerned with the 
isolation and identification of the cellulolytic factor 
activity in centrifuged (Sharpies) rumen juice supernatant.
It was observed that rumen microorganisms failed to 
digest cellulose during a 30-hour incubation period when 
the bacterial cells were separated from the rumen juice by 
high speed centrifugation in a Sharpies supercentrifuge 
and cultured in vitro. When either centrifuged rumen juice 
supernatant, alfalfa leaf meal, yeast extract, fish meal 
or casein hydrolysate was added to the fermentation medium, 
however, the rumen microorganisms digested approximately 
£0 per cent of the cellulose in the flask.
To expedite the fractionation studies on the cellu­
lolytic factor activity of these natural materials, a rapid, 
volumetric method was developed for the determination of 
purified cellulose in vitro.
Centrifuged rumen juice supernatant was fractionated 
for cellulolytic factor activity by steam distillation at 
pH 2.0. When biotin and para-aminobenzoic acid were in­
cluded In the basal medium, the steam distillate showed 
near maximum cellulolytic factor activity. The volatile
li+4 .
Tatty acids (acetic, propionic, butyric and valeric acid) 
in the distillate were separated by chromatography on 
silica gel. Only the valeric acid fraction contained 
cellulolytic factor activity in vitro.
Commercial samples of volatile fatty acids were 
tested for their cellulolytic factor activity in vitro. 
Valeric and caproic acids showed a near maximum response, 
whereas isovaleric, isobutyric and heptylic acid showed 
somewhat less cellulolytic factor activity in decreasing 
order. Formic, acetic, propionic, butyric, caprylic, 
pelargonic and capric acid showed no cellulolytic factor 
activity.
The third phase consisted of studies on the evalua­
tion of valeric acid as a growth factor for rumen micro­
organisms in vitro.
Valeric acid increased the rate of protein synthesis 
as well as cellulose digestion when cellulose was the pri­
mary carbon substrate.
The nutritional requirement of the cellulolytic rumen 
microorganisms for valeric acid could be replaced by a mix­
ture of the amino acids, valine and proline, but could not 
be replaced by the oC-hydroxy or cC-keto derivatives of valer 
ic or caproic acid. These amino acids may be responsible 
for the cellulolytic factor activity obtained from alfalfa 
leaf meal, yeast extract, and casein hydrolysate, for these 
natural substances do not contain valeric or caproic acid.
Valeric acid appeared to be required only by the 
cellulolytic rumen microorganisms, Tor valeric acid did 
not increase the rate of growth of rumen microorganisms 
that metabolize cellobiose, maltose, glucose or starch. 
Conversely, rumen microorganisms were shown to synthesize 
valeric acid during the digestion of starch. Furthermore, 
when both starch and cellulose were included in the medium 
in the absence of valeric acid, sufficient valeric acid 
was formed during the digestion of starch that I|_0 per cent 
cellulose digestion was obtained in a 30-hour period.
The mechanism by which the new growth factor (valeri 
acid) increases the rate of multiplication of cellulolytic 
rumen microorganisms in vitro remains to be elucidated.
The fourth phase that was studied was the effect of 
the pH of the fermentation medium on the growth of rumen 
microorganisms in vitro. The pH of the medium for the 
optimum rate of growth of cellulolytic rumen microorgan­
isms was observed to be between pH 6.9 and 7.0. The rate 
of cellulose digestion decreased rapidly as the pH of the 
medium deviated from 6.95>> and at pH 6.0 or 7.5, no cellu­
lose digestion was obtained.
The rate of growth of amylolytic rumen microorgan­
isms was essentially unaffected by the pH throughout the 
pH range 6.0 to 7 . However, the rate of growth was 
definitely decreased at pH £.5>.
llj.6.
The probable effect of starch and pH on roughage 
dry matter digestion in vivo has been discussed.
114-7.
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